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The thesis encompasses the comprehensive analysis of the molecular and biological 
characteristics of BYMV (Potyvirus) and CMV (Cucumovirus), naturally occurring in 
cultivated species of Gladiolus. Viral diseases, especially those caused by mixed 
infections, are important in terms of quantum of crop damage resulting significant 
economic losses. BYMV and CMV are economically important pathogens of Gladiolus 
world over. Due to the lack of commercially available resistant lines and 
epidemiological data on these viruses, the disease is difficult to manage. To address this 
issue, BYMV and CMV strains have been characterized and the molecular and 
immunological diagnostic systems have been developed along with production of the 
virus-free planting materials using virazole. 
Naturally/ plant^finfected wdth both viruses showed severe mosaic, dark green stripes on 
leaves, color-breaking of petals and stunting symptoms along with poor blooming was 
noticed in experimental fields of NBRI and adjoining areas of Lucknow city. The 
diagnostic survey of infected plants by EIBA revealed the presence of BYMV and 
CMV. Mechanical inoculation of BYMV and CMV strains resulted in successful 
transmission from Gladiolus to propagating hosts. Purified virus preparations obtained 
from the propagating host showed plenty of (yiron Jparticles as visualized under 
transmission electron microscopy and were found infectious when tested on host. 
The Mw of CP of BYMV, based on SDS-PAGE and EIBA of purified virus has been 
determined to be -32 kDa. The CP of strain PO-GLLKO was subjected to limited 
proteolysis by digestion with Endoproteinase Lys-C and peptide profiling revealed total 
17 cleavage sites. The N-terminal domain comprised 5 sites where as the C-terminal 
region did not contain any cleavage site. The N-terminal specific antibodies of the PO-
GLLKO strain have been generated and exhibited the reactivity with only intact CP in 
contrast to the deficient BYMV CP (resistant core). Molecular characterization of strain 
was done by sequencing of 3' (CP and 3'-UTR) and 5' (partial HC-Pro and P3 genes) 
regions, respectively. Both the targeted regions from virus strain were successfully 
amplified by different sets of primers using RT-PCR and subsequent/cloned. The 
positive clones were sequenced and the blast analysis showed the highest sequence 
homology of strain PO-GLLKO with the other reported BYMV strains in public 
database. The sequenced data of the strain translated into amino acid sequences 
revealed that 273 and 242 amino acids corresponded to CP and HC-Pro/P3, 
respectively. The 3'-UTR of the strain was found) 171 nucleotide long excluding the 
stop codon of the CP. Endoproteinase Lys-C mediated peptide profiling CP of the PO-
GLLKO strain revealed the total mass 31.05 kDa with 17 cleavage sites. Moreover, C-
terminal region does not contain any cleavage site, where as N-terminal domain 
comprised 5 sites with mass 1.77 kDa. The CP of strain was compared with the already 
published CP sequences of BYMV strains at nucleotide and amino acid level. 
Comparative sequence analysis of the PO-GLLKO CP revealed that the BYMV strains 
from different locations and different host/shared 98.7% to 80% and 98% to 84% 
identity at the nucleotide and amino acid level, respectively. The strain was identical in 
their deduced amino acid sequences of CP with other strains and showed divergence 
only at certain positions. The potyvirus conserved regions in the strain CP, such as 
WCIEN substituted by the (WCMDN) in contrast to OMKAAA has been found 
conserved. Besides these, conserved region search of CP of the strain revealed the 
presence of seven consensus regions at the amino acid level. However, N-terminal 
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domain of the CP does not show the presence of consensus sequence region. This 
suggests substantial divergence of N-terminal domain of CP in contrast to C-terminal 
regions, which showed the negHgible divergence. The aphid transmission motif NAG 
was located at residues 7-9 at the N-terminal domain of the strain CP. This motif is 
analogous to the highly conserved DAG motif found in most potyviruses that is 
essential for aphid transmission. The 3'-UTR of strain PO-GLLKO was analyzed and 
exhibited the 100% identity with the necrotic spot group of BYMV (S-22N and E-24N). 
On the other hand, HC-Pro/P3 region of the strain showed 99.57% to 80.17% amino 
acid homology with published BYMV strains. 
Further, in order to determine the phylogenetic relationship of PO-GLLKO strain with 
sequences of reference BYMV strains from the database were used. The phylogenetic 
analysis of all reference BYMV strains revealed the distribution into six clusters. 
However, PO-GLLKO strain shows very close evolutionary ties with BYMV strains 
from the Japan and India, likewise, some Indian strains show very close evolutionary 
ties to cluster IBY. The un-rooted tree showed a small polytomy in subgroups and a 
heterogeneous cluster, which contained the cluster IBY. Close examination of the 
cluster IBY, to which most of the Indian isolates belong, revealed that within cluster 
IBY there are some independent clusters with high bootstrap support as seen for strains 
from India. The phylogenetic relationships of the PO-GLLKO strain based on HC-
Pro/P3 and 3-'UTR showed a pattern almost identical to that of the CP. Moreover, the 
fold recognition search for domain identification of CP of the strain revealed the 3D 
homology with different non viral proteins with significant Z scores. 
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The diagnostic survey by EIBA revealed the association of CMV with BYMV and 
characterization of CMV-GLLKO strain was assessed by comparing CP and MP genes, 
respectively. Complete ORF for CP and MP was successfully amplified by self 
designed gene specific primers by RT-PCR and subsequently cloned. The positive 
clones were sequenced and blast analysis showed the highest sequence homology of 
strain CMV-GLLKO with the CMV strains in public database. The sequenced CP and 
MP genes translated into amino acid sequences showed that the CP and MP genes of 
CMV-GLLKO strain were of 657 and 840 nucleotides, encoding complete ORFs. 
Comparative amino acid sequence analysis of CP and MP revealed that the CMV-
GLKO strain shard 100% to 79.7% and 99 to 90% identities with all Indian CMV 
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strains, respectively. The sequence identity between subgroup I strains ranged from 
91.7% to 100% on amino acid level. Subgroup I Indian CMV strains were identical in 
length of their deduced amino acid sequences of CP and MP genes (except MP of 
Tomato strain from Lucknow). The CP and MP of strain showed amino acid sequences 
divergence only at various positions. However, conserved region search revealed the 
presence of 10 and 8 consensus regions at positions 39-217 and 7-204. Secondary 
structure prediction of CMV-GLLKO strain showed that out of 217 amino acids 35.2% 
has propensity towards alpha helix, 15.60% will form-b sheet and rest falls under loop 
region. However, CMV Fny showed slightly different secondary structure with helix 
(34.40%) and loop regions (50.0%). In contrast to CP, MP revealed that out of 279 
amino acids, 26.16% has propensity towards alpha helix, 20.99% forms b-sheet and 
53.05% falls under loop region. Moreover, all Indian CMV strains of Subgroup I CPs 
have contained conservative asparagine-glycosylation, amidation, protein kinase C 
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(PKC) and casein kinase II (CK II) phosphorylation functional sites. MP showed the 
presence of cysteine and histidine region (126-194) along with the overlapping RNA 
binding domain (174-233). The complete CP and MP genes of Indian strains and 
reference strains were used to determine the phylogenetic relationship. The 
phylogenetic analysis of Indian CMV strains revealed the distribution of the strains in 
subgroups, lA, IB and serotype II. CMV-GLLKO shows very close evolutionary ties to 
subgroup lA strain, Fny (D28780) with other lA Indian strains from the Lily and 
Chrysanthemum on the basis of analysis. The Gladiolus strains cluster, which consisted 
of all of the CMV infecting Gladiolus strains, belonged to the subgroup lA, except the 
L36525. 
The phylogenetic relationship of fiill length sequence of the MP gene of CMV-GLLKO 
strain was made with reference strains sequences available in the NCBI database. 
However, most of the Indian strains belong to the subgroup lA, in contrast to CP genes 
most of the Indian strains grouped into the subgroup IB. The topology of the MP gene 
based phylogenetic trees entirely different from the CP genes three clusters within the 
subgroup IA was present. Detailed examination of the subgroup IA cluster revealed that 
the subgroup lA to some extent is consistent with the geographical and host origin, with 
high bootstrap support as seen for strains from Banana and Tagetus. 3D structure based 
fold recognition study exhibited identity in the range of 99% to 18% and their estimated 
precision was found 100%, except clcwpa (capsid protein of Cowpea chlorotic mottle 
virus) which was only 65%. Consensus functional sites were mapped on respective 
models. Fold recognition search for domain identification of MP revealed the 3D 
homology with the different aerosilin, porin, galactose binding domain, periplasmic 
binding protein like II, etc. 3D model of CP, CMV-GLLKO strain was constructed by 
homology modeling. The X-ray crystallographic structure of the Fny-CMV CP subunit 
B was used as a template. The model was verified and exhibited the energy as 7593.38 
(kcal/mol). Ramachandran plot qualities show the amount (%) of residues belonging to 
the 0.6% disallowed region of the plot. The rms deviations (A°) from template 
backbone 0.764 values indicate the overall deviation of the 3D structure from the 
template. 
Furthermore, both viruses were most prevalent among 33 cultivars of Gladiolus. 
Symptomless as well symptomatic cultivars of Gladiolus were detected for the presence 
of both CMV and BYMV by coat protein (EIBA) and nucleic acid (NASH and RT-
PCR) tests. Disease incidence was almost cent per cent as the cultivars showing no 
symptoms also showed positive results in ELISA, NASH and RT-PCR based diagnosis. 
The present investigation revealed wide spread occurrence of BYMV and CMV in 
various Gladiolus cultivars whether symptomatic or asymptomatic. It has been 
concluded that asymptomatic plants must be carefully examined for the presence of 
BYMV and CMV before using them as healthy plant material for the cultivation or 
research purposes. 
A method for the initiation of callus tissues capable of plant regeneration from in vitro 
grown cormels of Gladiolus (Gladiolus psittacinus var. Hookeri cv. red) was 
standardized. For elimination of viruses, callus tissue from infected central slices of 
cormels was raised, subjected to various concentrations of virazole (ribavirin, I-I3-D-
ribofiiranosyl-l, 2, 4-triazole-3-carboxamide) and tissues were screened after culturing 
them onto the supplemented media for a period of 6-8 weeks. Virazole successfully 
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eradicated BYMV and CMV in callus tissue cultures of Gladiolus, which later on 
differentiated into plantlets/corms and tested using coat protein (EIBA) and nucleic acid 
(NASH and RT-PCR) based techniques. In addition to this, duplex RT-PCR was 
developed for simultaneous detection of BYMV and CMV in Gladiolus tissues at 
various developmental stages. The characterization of the BYMV and CMV, 
development of detection methods and the knowledge of the viruses occurring naturally 
in some cultivars along with production of virus free planting material in this study 
possibly will give a basis to improve the Indian Gladiolus yield and productivity. 
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Potato virus A 
Potato virus C 
Potato virus X 
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With rapid mechanization and international expansion of trade, commercial cultivation of 
Gladiolus crop has become a global industry in India and abroad. This crop is asexually 
propagated and a few major propagators supply most of the plants to growers over a very 
large geographic area. This makes the crop production industry conducive to the 
proliferation and distribution of diseases. Indeed, Gladiolus crop production has frequently 
been affected by various kinds of plant pathogens including viruses. Not only the viral 
diseases cause severe losses to the Gladiolus cut flower industry per se, but the infected 
crop plants and plant materials also serve as a source of transmitting viruses into other 
crops and zones/countries. Unlike most fungal and bacterial diseases, which can effectively 
be controlled by chemical pesticides, control of virus diseases is mainly focused on 
developing virus-free propagating materials. For this purpose, it has been necessary to set 
up elaborate and extensive virus screening programs. The use of virus free planting 
materials is commonly used as an approach for controlling plant viruses in many crop 
species. Though successful to limit the crop losses, this has not always led to virus free 
propagation of plants as they are latent to viral diseases. Therefore, the certification of such 
plants is necessary and requires sensitive and simple diagnostic system. The drawback of 
conventional plant breeding strategies for general use in Gladiolus crop is the diversity of 
involved plant species, the overriding importance of floricultural and quality traits, and the 
difficulty in identifying virus resistance genes. To date, many approaches have been 
successfully developed for generation of virus free multitude crop plants. Novel 
approaches such as micro-propagation coupled with chemotherapy are generally applicable 
in production of virus free planting materials. Presently, Gladiolus mosaic virus disease 
(GMVD) is a threatening disease for commercial Gladiolus cultivation. Studies on 
characterization of the specific virus infecting Gladiolus are sparse and warrant an in depth 
and systematic investigation. The aim of this study was to identify the causative agents of 
Gladiolus mosaic disease with the development of simple specific and inexpensive 
diagnostic methods as well as production of virus free plants. The study has been planned 
to address the queries such as; (i) What are the different types of viruses involved in the 
mosaic disease of Gladiolus? (ii) What is the genetic background of viruses strains? (iii) 
What is the status of natural occurrence of viruses in commercial cultivars? and (iv) Can 
virazole be useful for the production of virus free planting material? Also, the viral genes 
vii 
encoding the structural and nonstructural proteins were characterized using bioinformatics 
tools. Eventually, the thesis is comprised of the following chapters. The review oi 
literature (Chapter-I) consists of four parts; Bean yellow mosaic virus (BYMV), Cucumber 
mosaic virus (CMV), virus-free plants. Chapter-II describes the general materials and 
methods. Chapters-lII and -IV deal with BYMV and CMV characterizations, respectively 
Finally the Chapter-V is devoted to the evaluation of natural occurrence of BYMV anc 
CMV in commercial cultivars and micro-propagation based production of virus-free plants 
using virazole as an antiviral agent. 
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The thesis encompasses the comprehensive analysis of the molecular and biological 
characteristics of BYMV (Potyvirus) and CMV (Cucumovirus), naturally occurring in 
cultivated species of Gladiolus. Viral diseases, especially those caused by mixed 
infections, are important in terms of quantum of crop damage resulting significant 
economic losses. BYMV and CMV are economically important pathogens of Gladiolus 
world over. Due to the lack of conmiercially available resistant lines and epidemiological 
data on these viruses, the disease is difficult to manage. To address this issue, BYMV and 
CMV strains have been characterized and the molecular and immunological diagnostic , 
systems have been developed along with production of the virus-free planting materials 
using virazole. 
Naturally, plants infected with both viruses showed severe mosaic, dark green stripes on 
leaves, color-breaking of petals and stunting symptoms along with poor blooming was 
noticed in experimental fields of NBRI and adjoining areas of Lucknow city. The 
diagnostic survey of infected plants by EIBA revealed the presence of BYMV and CMV. 
Mechanical inoculation of BYMV and CMV strains resulted in successful transmission 
from Gladiolus to propagating hosts. Purified virus preparations obtained from the 
propagating host showed plenty of viron particle^ as visualized under transmission electron 
microscopy and were found infectious when tested on host. 
The Mw of CP of BYMV, based on SDS-PAGE and EIBA of purified virus has been 
determined to be -32 kDa. The CP of strain PO-GLLKO was subjected to limited 
proteolysis by digestion with Endoproteinase Lys-C and peptide profiling revealed total 17 
cleavage sites. The N-terminal domain comprised 5 sites where as the C-terminal region 
did not contain any cleavage site. The N-terminal specific antibodies of the PO-GLLKO 
strain have been generated and exhibited the reactivity with only intact CP in contrast to 
the deficient BYMV CP (resistant core). Molecular characterization of strain was done by 
sequencing of 3' (CP and 3'-UTR) and 5' (partial HC-Pro and P3 genes) regions, 
(^spectivd)^. Both the targeted regions from virus strain were successfully amplified by 
different sets of primers using RT-PCR and subsequent cloned. The positive clones were 
sequenced and the blast analysis showed the highest sequence homology of strain PO-
GLLKO with the other reported BYMV strains in public database. The sequenced data of 
the strain translated into amino acid sequences revealed that 273 and 242 amino acids 
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India has a long tradition of floriculture so much so that the references of flowers and 
gardens are cited in ancient Sanskrit classics like the Rig Veda (C 3000-2000 BC), 
Ramayana (C 1200-1300 BC), Mahabharata (prior to 4th Century BC), Shudraka (100 
BC), Ashvagodha (C 100 AD), Kalidasa (C 400 AD) and Sarangdhara (C 1200 AD). 
However, the socio-economic aspects of flowers were recognized much later. The offering 
and exchange of flowers on all social occasions, in places of worship and their use for 
adornment of hair by women and in home decoration have become an integral part of 
human living. With changing life styles and increased urban affluence, floriculture has 
assumed a definite commercial status in recent times. Appreciation of the potential of 
commercial floriculture has resulted in the flourishing of this field into a viable agri-
business option. Availability of natural resources like diverse agro-climatic conditions 
permit production of a wide range of temperate and tropical flowers, almost all over the 
year in some parts of the coimtry or the other. The commercial activity of production and 
marketing of floriculture products is also a source of gainful and quality employment to 
scores of people. Presently, the Indian floriculture industry has been witnessing an 
unprecedented growth during the previous years and has also been getting increased 
acceptability in world markets. The floriculture industry has been growing at an aimual rate 
of 17 per cent, which has also imbibed a number of corporate houses entering the fray 
during the last decade. The export of cut flowers has been identified as a thrust area at the 
nafional level. According to a report of the International Labour Organisation (ILO) China 
and India dominate in terms of area under cultivation but their yield per hectare is low. In 
India, the estimated area under flower cultivation is 106,000 hectares and the major flower 
producing states are Kamataka, Tamil Nadu, West Bengal, Andhra Pradesh, Uttar Pradesh 
and Maharashtra. Floriculture exports increased from US$ 14 million during 1996-97 to 
over US$ 20 million by 2002-03 and USA, Japan, Netherlands, Germany and UK are the 
major buyers of cut flowers from India. 
Gladiolus is the second most important cut flower crop after rose in the country. Earlier it 
was considered a crop for temperate regions and its cultivation was restricted to the hilly 
areas, particularly in the north-eastern region, which still continues to supply the planting 
material to most parts of the country. However, with improved agronomic techniques and 
better management, the northern plains of Delhi, Haryana, Punjab, Uttar Pradesh, as well 
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as Maharashtra and Kamataka have emerged as the major areas of production of gladiolus. 
The Botanic Garden of the National Botanical Research Institute (NBRI), Lucknow, India 
has made a significant contribution to gladioli in India by standardizing the technology for 
commercial cultivation of this and other ornamental crops. In order to boost the cut-flower 
industry in India, the technology of Gladiolus production has been transferred to about 
1000 farmers and entrepreneurs under a 'Lab to Land' programme for its large-scale 
cultivation,. The motivation for this initiative has been that since Gladiolus is cultivated in 
poor rural areas, it can improve the economic condition of the weaker sections of society. 
Not only this but other government agencies such as Indian Council of Agricultural 
Research (ICAR) collaborated with NBRI and finalized a joint project on ornamentals 
having an export potential. The outcome resulted in the development of new varieties of 
gladioli. For the promotion of floriculture industry. Department of Agriculture and Co-
operation, (Ministry of Agriculture, Govt, of India) launched an 'Integrated Development 
of Commercial Floriculture Program'. It aims to improve production and productivity of 
cut flowers through availability of quality planting material. The transfer of technology 
will improve human resource capabilities for growing flowers scientifically, promote 
production of off-season and quality flowers through protected cultivation, and improve on 
farm post-harvest handling of flowers. The wide acceptance of Gladiolus offers 
considerable promise for local and export market and thus making it as an important crop. 
Gladiolus cultivation is severely affected by several diseases. Among them, BYMV and 
CMV are the major limiting factors in improving Gladiolus cultivation. These viruses 
drastically reduce the yield and market quality of the flowers, owing to the mosaic and 
color breaking symptoms. Therefore, the present chapter provides the detailed information 
available on these two prevalent. 
1.1. Bean yellow mosaic virus (BYMV) 
Bean yellow mosaic virus (BYMV) infects a wide range of plants, including both 
monocots and dicots such as field legumes, beans, peas, lupins, clover, and ornamental 
crops including Gladiolus, Bulbous iris, Lisianthus, Gentian and some orchids. BYMV has 
also been isolated from several types of trees, including beech (Winter and Nienhaus, 
1989). Some potyviruses, which infect legumes include: Clover yellow vein virus 
(ClYVV); Pea mosaic virus (PMV); White lupin mosaic virus (WLMV); and Sweet pea 
mosaic virus (SPMV) are all members of the BYMV subgroup whereas PMV and WLMV 
are recognized as strains of BYMV (Shukla et al, 1994). BYMV-GDD is a typical isolate 
from Gladiolus, whereas BYMV-MB4 is a necrotic strain from broad bean {Vicia faba) 
from Japan (Fujisawa et al, 1991). BYMV-S is described as an atypical isolate from Vicia 
faba, which differs in host range (failing to infect Phaseolus vulgaris systemically) and 
symptomatology from typical isolates (Randies et al, 1980). Research work carried out on 
other potyviruses has shown that multiple genes may influence host range and symptom 
expression, in distinct virus-host pairings (Huet et al, 1994; Johansen et al, 1996; Chu et 
al, 1997; Saenz et al, 2000; Dallot et al, 2001). 
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Fig.l. Organization of the BYMV genome and the polyprotein is boxed. The abbreviations 
of the names of the viral proteins are indicated over the ORF. The positions at which 
cleavage occurs are indicated by vertical lines within the large ORF. 
1.1.1. Genome organization 
BYMV genome has been well characterized and possesses a single stranded translatable 
RNA molecule of 9528 bp (BYMV-GDD) to 9547 bp (BYMV-S).The genome codes a 
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single polypeptide containing 3056 amino acids, and RNA molecule is encapsidated by a 
single polypeptide of 32 kDa. Organization of the BYMV genome is comparable with 
other potyviruses. So far, five BYMV isolates have been completely sequenced. 
Comparative sequence analysis showed the genome of BYMV isolates possess identical 
polyprotein of 3056 amino acids (Fig. 1). Furthermore, the size of each predicted gene 
product was identical in BYMV isolates. Examination of the predicted proteolytic cleavage 
sites showed that the amino acid sequence at each site is well conserved between the 
isolates. The predicted HC-Pro cleavage site YYRVG/G was identical and exhibited the 
consistency with YXVG/G present in TEV (Hammond and Kamo, 1995). 
1.1.2. Non-coding regions 
The 5'-UTR region of BYMV-S is 205 nucleotides long and has five insertions nucleotides 
as well as multiple substitutions. In comparison to this, the 5'-UTR of BYMV isolates 
GDD and MB4 is 190 nucleotides long but they differ only in five point substitutions 
(Hammond and Hammond, 2003). These differences may affect the symptom expression 
or pathogenecity of the BYMV isolates, as deletions in the 5'-noncoding region of Plum 
pox virus (PPV) affected viral competitiveness but not accumulation, and one deletion 
mutant had very mild symptoms (Simon-Buela et al, 1997). The 5'-UTR has also been 
implicated in seed transmission efficiency of Pea seed-borne mosaic virus (PSbMV) 
(Johansen et al, 1996). However, 3'-UTR, isolate GDD has one single nucleotide 
insertion, and five single nucleotide deletions in the same position with respect to isolates 
S and MB4, resulting in a 170 nucleotide 3'-UTR region for GDD and 174 nucleotide for 
the other isolates. The 3'-UTRs have 89.7-94.3% nucleotide sequence homology. The 
BYMV-GDD 3'-UTR reported differs from early reports of Hammond and Hammond 
(1989) by insertion of a single nucleotide with respect to the earlier sequence (Accession 
No. D00490). 
1.1.3. Polyprotein of Potyvirus 
1.1.3.1. PI 
The N-terminal gene of the BYMV corresponds to other Potyvirus genomes and encodes a 
proteinase, which allows its own cleavage from the polyprotein (Riechmann et al, 1992). 
The proteinase activity and the structural features of PI have been reviewed (Ryan and 
Flint, 1997). The catalytic triad His, Asp, Ser, corresponding to serine-type proteinases, 
was identified at the C-terminus of the protein for Tobacco etch virus (TEV) (Verchot et 
al, 1992). Among the different Potyviruses, these amino acids are well conserved, with 
Glu replacing Asp in some cases. On the contrary, very low similarity is found in the 
region between the catalytic Ser residue and the cleavage site, which occurs after Phe or 
Tyr (Ryan and Flint, 1997). Together with P3, the polyprotein PI is the least conserved 
protein among Potyviruses, except for conserved amino acids found at the C-terminus of 
all Potyviruses as PI proteins, and which correspond to the proteinase catalytic domain. A 
high degree of polymorphism in the PI coding region was observed at the level oi Potato 
virus Y (PVY) and Zucchini yellow mosaic virus (ZYMV) isolates. Sequence identity 
among Yam mosaic virus (YMV) isolates was as low as 65% for PI, while it was around 
80% for the helper component-proteinase (HC-Pro), P3 and the nuclear inclusion b (Nib) 
(Aleman-Verdaguer et al., 1997). Differences in PI in BYMV strains distributed 
throughout the protein and large number of differences between the PI of BYMV-S and 
either GDD or MB4 may be in large part responsible for the "atypical" behavior of 
BYMV-S (Hammond and Hammond, 2003). It has been suggested that PI may be 
involved in a virus-host interaction (Shukla et al., 1994). Also the insertion mutant in 
Tobacco vein mottling virus (TVMV) PI resulted in a cyclical effect on symptom 
expression from mild through severe infection or symptoms development (Klein et al, 
1994). Deletion and mutational analyses have shown that PI is not strictly required for 
viral infectivity, even though it enhances amplification and movement of the virus. On the 
contrary, cleavage at the boundary between PI and HC-Pro is essential for viability. 
Mutations in the proteolytic domain were lethal and could be rescued by replacement of 
the PI/HC-Pro cleavage site by the nuclear inclusion (NIa) specific cleavage sequence 
(Verchot and Carrington, 1995). As suggested, the PI proteinase activity is not required in 
itself, and also that processing between PI and HC-Pro can be delayed in time until 
expression of NIa occurs. UNA binding activity has been reported for PI of TVMV 
(Brantley and Hunt, 1993), Turnip mosaic virus (TuMV) (Soumounou and Laliberte, 1994) 
and Potato virus A (PVA) (Merits et al, 1998). RNA binding of the E. co//-expressed PI 
protein sequence was non-specific. In the case of TuMV, it has been shown that PI had the 
same affinity for dsRNA and ssRNA. Non-specific RNA binding has often been attributed 
to involvement of the protein in viral movement. Localization of PVY-Pl with cytoplasmic 
inclusion (CI) bodies involved in cell-to-cell movement of virus could be in agreement 
with such a function (Arbatova et al, 1998). However, PI was not localized near the 
plasmodesmata and none of the PI mutants was deficient for movement. Due to the 
accessory activities of PI and HC-Pro in genome amplification, their role in viral 
synergism was investigated (Pruss et al., 1997). Further, it has been shovm that the PI/HC-
Pro fusion carries the potential of a broad pathogenecity enhancer which bears on 
suppression of host defense and post-transcriptional gene silencing (PTGS) (Kasschau and 
Carrington, 1998). The Pl-Rieske Fe/S protein (23.7 kDa protein closely related to the 
cytochrome b6/f complex) interactions are likely to be involved in symptom development, 
and the very variable N-terminus of PI may play an important role in host adaptation (Shi 
et al, 2007). 
1.1.3.2. HC-Pro 
For successfiil invasion of the host, a plant virus must accomplish four main steps: ( i) 
entry in plant cells, (ii) replication in the primarily infected cells, (iii) cell-to-ell movement 
through plasmodesmata, and (iv) long-distance movement through the vascular 
system.Virus-encoded proteins involved in cell-to-cell movement, especially the 
movement protein (MP), have been generally well-characterized (Deom et al, 1992; Deom 
et al, 1992; Carrington et al, 1996; Lazarowitz and Beachy, 1999). In contrast, much less 
is known about viral proteins controlling long-distance movement (Nelson and van Bel, 
1998). For most plant viruses, this kind of transport is essentially governed by viral coat 
protein (CP), although other proteins, including MPs, have also been found to play 
significant role (Carrington et al, 1996; Seron and Haenni, 1996; Citovsky and Zambryski, 
2000). Potyviruses including BYMV are transmitted naturally by aphids. The great 
economic importance of potyviruses (Shukla et al, 1994) and the consequent need to 
reduce their spread in crops, extensive studies upon the mode of transmission by aphid 
vector. It has long been known that potyviruses are transmitted in a non-circulative 
manner, i.e. the virus particles do not cross the vector cell membranes, which is one of the 
features distinguishing them from the viruses categorized as circulative (Harris, 1990; 
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Gray, 1996; Pirone and Blanc, 1996; Gray and Banerjee, 1999; Syller, 2000). Thus, for 
transmission, potyviruses do not require specific associations with aphids as do circulative 
viruses (Gray and Banerjee, 1999). Nevertheless, the specificities in potyvirus-vector 
relationships have been reported (Sako et ai, 1984; Sigvald, 1984; Harrington et al, 
1986). The milestone in research on potyvirus-vector interactions is that potyviruses 
require a component other than the virus particle for successful transmission by aphids 
(Govier and Kassanis, 1974). Further studies revealed that potyviruses encode a helper 
component (HC) that is mandatory for virus transmission by aphids (Gray, 1996; Pirone 
and Blanc, 1996; Syller, 2000; Raccah et al, 2001). The HC is a nonstructural protein 
(Govier and Kassanis, 1974), which binds both to virions and the cuticular lining of aphid 
mouth parts, a model termed "bridge hypothesis" (Pirone and Blanc, 1996). Thus, retaining 
the virions within the food canal of the aphid (vector) stylets (Fig. 2). 
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Fig.2. Model illustrating a function of a HC in noncirculative transmission of viruses by 
aphids. HC acts as a reversible "bridge" in attaching the virion to the cuticle of the 
maxillary food canal and foregut of aphid vectors. (A) Free virions and HC molecules are 
acquired by the aphid together with plant sap. (B) The process of linking of HC to a 
specific receptor on the vector tissue, followed by binding of the virus to the HC (C) HC-
virion complex bound to the vector stylet. 
Such a short-term reversible binding is sufficient for successful virus transmission from 
one plant to another. Besides, its key role in transmission by aphid vectors, the potyviral 
helper component-proteinase (HC-Pro) has been recognized to be involved in other 
processes important for viral cycle (Maia et al, 1996; Revers et al., 1999; Urcuqui-
Inchima et al., 2001). 
1.1.3.2.1. The HC-Pro encoded by potyviruses 
Most BYMV proteins are multifunctional like other potyviruses (Hammond and 
Hammond, 2003), which is a remarkable feature of potyviruses, as compared to other plant 
RNA viruses (Kekarainen et al., 2002). Mutagenesis studies and sequence alignments 
suggest that HC-Pro can be schematically divided into three regions, and these regions are 
responsible for different functions (Fig. 3). 
Fig.3. Organization of the potyviral HC-Pro as related to its multifunctional abilities. (A). 
Three essential HC-Pro regions responsible for different functions of this protein are 
distinguished. (B). Location of the putative vector-binding, RNA-binding, and viral capsid-
binding sites in the HC-Pro amino acids sequence. (C). Major biological functions of 
different HC-Pro regions; PTGS. The arrow indicates that the C-terminal PTK motif is also 
involved in aphid transmission, the function essentially controlled by the N-terminal KITC 
motif (Plisson et al., 2003). 
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The N-terminal part controls virus transmission by aphid vectors, symptom severity, 
genome amplification, and virus accumulation (Atreya and Pirone, 1993; Atreya et al, 
1992; Kasschau and Carrington, 1995). The central region affects both long-distance 
movement and replication maintenance functions (Cronin et al., 1995; Kasschau et al., 
1997; Klein et al, 1994). The C-terminal region of HC-Pro is a cysteine-type proteinase 
(Carrington et al., 1989) that has shown to play a role in cell-to-cell movement of a virus 
(Rojas et al, 1997). Interestingly, the difference in the C-terminal of HC-Pro in isolate 
MB4 is in the motif GYCH, equivalent to GFCH in isolates GDD and S. ClYVV (a 
member the BYMV subgroup) is the only other virus reported with GYCH at this position 
(Takahashi et al., 1997). The motif GFCH was identified as the putative protease active 
site of BYMV-S HC-Pro (Guyatt et al., 1996), as compared to the GYCY consensus in 
most potyviruses. Moreover, HC-Pro has been identified as a suppressor of PTGS 
(Anandalakshmi et al., 1998; Brigneti et al., 1998; Kasschau and Carrington, 1998). For 
some of these actions, HC-Pro operates in close association with the CP. 
Early studies on the HC-Pro of PVY and TVMV, followed by Turnip mosaic virus 
(TuMV), showed that these proteins were oligomers, presumably dimers or even trimers, 
of Mw ranging from 100 to 150 kDa (Thombury et al., 1985; Wang and Pirone, 1999). 
The oligomeric form of HC-Pro could be explained on the basis of self-interaction. To map 
the expected self-interaction of domains, the yeast two-hybrid system has been applied. 
However, confusing results are reported using this method because in some studies only 
the N-terminal region has been found to be involved in HC-Pro self-interaction (Urcuqui-
Inchima et al, 1999), whereas in others both N- and C-terminal regions have been reported 
by (Guo et al., 1999). Recently, a dimer as a soluble form of HC-Pro has been confirmed 
in Lettuce mosaic virus (LMV) by using cross-linking experiments, in which purified His-
tagged wild-type HC-Pro (/zwHC-Pro) and an N-terminal deletion mutant (/zwAHC-Pro) 
have been examined (Plisson et al., 2003). Also, the existences of tetramers, dimers of 
dimer, have been suggested. The central and C-terminal parts of the protein are reported to 
be involved in self-interaction. Based on the calculation of projection maps from two-
dimensional (2D) crystals of the recombinant proteins grown on lipid monolayers, as well 
as on the earlier predictions of the secondary structures of potyviral HC-Pro proteins 
(Wang and Pirone, 1999; Urcuqui-Inchima et al, 1999; Merits et al., 1999; Plisson et al, 
fHESiS> 
2003) have suggested a model for HC-Pro, where the protein structure is related to its 
multifunctional abilities. It is proposed that HC-Pro is elongated and composed of two 
structural domains, assigned as domain -I and -2. The /zwHC-Pro projection map showed 
that the tetrameric organization results from interactions of domain-1. The N-terminus, 
which is involved in virus transmission by aphids, is located in domain-1. This domain 
contains the hinge at its C-terminal extremity. The hinge region, identified as a probable 
constriction between domains-1 and -2, seems to be well structured, as it was found to be 
resistant to trypsin digestion. This section of HC-Pro is likely to be a domain of its own 
rather than only a hinge. In its functions, it is involved in coat protein binding, genome 
amplification, and RNA silencing and virus movement. Thus, all functions of HC-Pro, 
except the self-cleavage that is fully associated with domain-2, are controlled by more than 
one structural domain (Plisson et a/., 2003). 
The existence of multimers of dimers as molecular species of HC-Pro has been recently 
confirmed for another potyvirus, TEV, using sedimentation velocity (Ruiz-Ferrer et al, 
2005). The majority (>50%) of HC-Pro is in the dimeric state, with significant amounts of 
tetramers (>20%), and even hexamers and octamers. In analytical ultracentrifugation 
experiments with purified LMV ^wHC-Pro, (Plisson et al, 2003), a similar 
oligomerization profile has been reported which suggests that the presence of oligomers in 
solution might be a general feature of most potyviral HC-Pro proteins (Ruiz-Ferrer et al, 
2005). Furthermore, characterization of the TEV, HC-Pro using single-particle electron 
microscopy combined with three-dimentional (3D) reconstruction revealed (Ruiz-Ferrer et 
al ., 2005), that the shape of the monomer required to form the TEV hisHC-?ro dimeric 
structure resembles the elongated shape as proposed by Plisson and co-workers for the 
LMV hisUC-Pro in the 2D crystal projection (Plisson et al, 2003). However, in contrast to 
the 2D projection that showed tetramers, where domains-1 and -2 were in close contact 
(Plisson et al, 2003), the data obtained by Ruiz-Ferrer et al (2005), using the 3D 
reconstruction imply interaction between different domains of two HC-Pro monomers. 
These workers opined that this discrepancy could result due to the variation in the 
experimental conditions (Ruiz-Ferrer et al, 2005). Despite the significant discrepancies in 
the proposed projections (Plisson et al, 2003; Ruiz-Ferrer et al, 2005), the data 
excellently complement one another in extending the knowledge of structural organization 
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of the potyviral HC-Pro. However, fUrther structural analysis of this protein is warranted 
for better understanding of its functions and involvement in the processes that are vital for 
the virus survival. The various roles of HC-pro are described below in detail: 
1.1.3.2.2. Aphid transmission 
The HC-Pro is directly involved in attachment of virions to the cuticle of the maxillary 
food canal and foregut of aphid vectors (Fig. 2).This observation has been extensively 
supported (Blanc et al, 1997; Blanc et al, 1998; Peng et ai, 1998; Sasaya et al., 2000). 
The role of HC-Pro as a reversible "bridge" implied the existence of specific HC-Pro 
motifs that allow this protein to join both to aphid tissue and to a virion. Much progress in 
recognizing the motifs that control aphid transmission was made after determining the 
nucleotide sequences of a number of potyviruses (Robaglia et ai, 1989; Nocolas and 
Laliberte, 1992; Puurand et al., 1994). The attachments of potyvirus virion particles to a 
suitable HC-Pro require an association between the HC-Pro motifs and specific sites on the 
virion. Indeed, such a direct interaction controls not only aphid transmission but also virus 
accumulation and systemic movement both in vitro (Blanc et ai, 1997; Peng et ai, 1998; 
Andrejeva et ai, 1999; Manoussopoulos et al., 2000) and in vivo assays (Andrejeva et al., 
1999; Roudet-Tavert et al., 2002). Comparative sequence analysis of the HC-Pro genes in 
aphid-transmissible and nontransmissible strains revealed mutations in two conserved 
motifs KITC for Potato virus C (PVC), a naturally occurring variant of PVY (Thombury et 
ai, 1990), and in the C-terminal PTK, for ZYMV (Granier et al., 1993; Huet et al., 1994). 
The role of these motifs in HC-Pro activity has been elucidated by introducing mutations 
into full-length cDNA clones and examining aphid transmissibility of the chimeric viruses. 
In the KITC, the replacement of lysine (K) by glutamic acid (E) or other amino acids 
besides, arginine (R) resulted in the loss of HC-Pro activity in aphid transmission of 
TVMV (Atreya et al., 1992; Atreya and Pirone, 1993). Naturally occurring mutants of 
PVY (Canto et al., 1995) and ZYMV (Granier et al., 1993) known to produce 
transmission-defective HC-Pro proteins, and also have mutations from K to E in this motif 
The HC-Pro of PVC with the K to E mutation has been shown to lack the ability to be 
retained in vector stylets, whereas the HC-Pro of PVY could be retained (Blanc et al., 
1998). The K to E mutation in either PVC or a site-directed mutant of TEV did not impede 
binding to the CP, nor did delefion of the N-terminal 107 amino acids of TEV HC-Pro. The 
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studies revealed that the N-terminal motif plays the role in interaction of the HC-Pro with 
stylets rather than in binding to virion particles (Blanc et al, 1998). 
It is noteworthy that loss of HC-Pro activity can also result from other amino acid 
mutations, which do not involve a K to E change in the KITC motif such as the mutation 
from G to aspartic acid (D). However, the mutation from G to E has been shown to be 
responsible for the aphid nontransmissibility of PVY (Canto et al., 1995). These mutations 
occur either within or near the cysteine-rich region surrounding the KITC motif and their 
effects upon HC-Pro activity are similar to that of the replacement of E by K (Canto et al, 
1995). The HC-Pro of PSbMV has been associated with efficiency of seed transmission, a 
factor not examined within the BYMV isolates. The BYMV-S has been reported to 
produce atypical symptoms compared to other BYMV isolates (Randies et al, 1980). It is 
probable that the multiple differences in HC-Pro contribute to this distinct phenotype 
(Hammond and Hammond, 2003). 
Unlikely in the KITC motif, the replacement of K by E in the PTK motif of ZYMV HC-
Pro did not result in loss of virus transmission, whether the virus variants were acquired by 
aphids from plants or through parafilm membranes, using partially purified HC-Pro 
proteins (Peng et al, 1998). However, a loss or reduction of ZYMV transmission was seen 
when mutations were introduced within other PTK amino acids. Substitution of proline (P) 
by alanine (A) abolished virus transmission both from plants and membranes, whereas 
replacement of threonine (T) by valine (V) reduced transmission. Both, HC-Pro of the 
engineered strain with K to E change in the PTK motif, which did not affect aphid 
transmission, and HC-Pro of the strain with T to V change, which reduces but not 
abolished transmission, could bind in vitro to virions of ZYMV (Peng et al., 1998). These 
findings exhibited the crucial role of the PTK motif in binding to the CP of virions. In this 
cormection, the implication of the potyviral CP in transmission process has been revealed 
by loss or restoring of aphid transmissibility following certain amino acid substitutions in a 
highly conserved DAG (Asp-Ala-Gly) amino acid motif at the N-terminus (Atreya, et al., 
1990, 1991, 1995; Gal-On et al, 1992; Lopez-Moya et al., 1999). The HC-Pro N-terminal 
motif KITC or KLSC associated with stylet binding is RITC in all three BYMV isolates, 
ClYVV, and PSbMV. It has been previously demonstrated by mutagenesis that RITC is 
permissive for transmission of TVMV (Atreya and Pirone, 1993). The N-terminus is 
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exposed on the virion surface. Besides its role in aphid transmission, it has been 
recognized to affect potyvirus movement (Lopez-Moya and Pirone, 1998). 
A specific interaction between HC-Pro and CP has been demonstrated in different 
potyviruses using various experimental approaches (Blanc et ai, 1997; Andrejeva et al, 
1999; Manoussopoulos et ai, 2000; Roudet-Tavert et ai, 2002). Interestingly, Peanut 
mottle virus (PeMoV), a highly aphid transmissible potyvirus, has a unique Asp-Ala-Ala-
Ala (DAAA) motif instead of the DAG motif (Flasinski and Cassidy, 1998). To determine 
whether the DAAA motif could functionally replace the DAG motif in another aphid 
transmissible potyvirus, Peanut stripe virus (PStV), mutations have been made in a full-
length cDNA clone of PStV (Flasinski and Cassidy, 1998). The mutations in the CP DAG 
motif abolished aphid transmissibility of PStV, without influencing the virus infectivity. 
The transmissibility of the PStV-DAAA mutant has been partially restored when aphids 
had been fed on artificial diet containing purified virus and PeMoV HC-Pro. Moreover, the 
PStV-DAAA mutant was poorly transmitted by aphids, allowed to take up HC-Pro purified 
from PStV or TVMV. Flasinski and Cassidy (1998) suggested that specific interactions of 
HC-Pro with CP are required for efficient aphid transmission. Also, a direct physical 
interaction between CP and HC-Pro has been demonstrated in planta for LMV, PVY and 
PPV (Roudet-Tavert et al., 2002). Apart from the involvement in aphid transmission, the 
interaction of HC-Pro and CP can be related to other biological functions such as short 
and/or long-distance virus movement in plants. Lately the evidence for interaction between 
HC-Pro and viral CP has been provided upon aphid transmissibility of ZYMV and TuMV 
(Dombrovsky et al, 2005). As reported the HC-Pro of ZYMV could assist the 
transmission of ZYMV itself as well as of TuMV, whereas the HC-Pro of TuMV assisted 
transmission of TuMV but failed to assist transmission of ZYMV. Dombrovsky et al. 
(2005) described that the failure could not be attributed to the HC-Pro PTK motif or to 
the CP DAG motif, as they were both present. To elucidate this specificity in HC-Pro 
associations with virions, the fragment encoding for the N-terminus of the ZYMV CP was 
replaced by the entire N-terminus of the TuMV CP. The change resulted in aphid 
transmission, although not efficient, of the chimeric ZYMV, when assisted by the HC of 
TuMV is attributed to the N-terminus of the CP recognition of a different HC-Pro 
(Dombrovsky et al, 2005). 
The experiments conducted with feeding of aphids on purified HC-Pro/virions preparations 
through parafilm membranes showed that for successful virus transmission the HC-Pro 
may be delivered to aphids before or simultaneously with virions (Harris, 1990; Gray, 
1996; Pirone and Blanc, 1996). A consequence of the sequential acquisition is that HC-Pro 
acquired by the aphid can assist the transmission of virions located in the same cell, in 
other cells, or even in other host plant that is subsequently probed by the vector and such a 
phenomenon is proposed to be termed as HC-trans-complementation (Froissart, 2002). 
Interestingly, the HC-Pro proteins encoded by certain potyviruses can mediate 
transmission of HC-Pro-deficient and thus nontransmissible isolates, as well as of 
unrelated viruses. Potato aucuba mosaic virus (PAMV, genus Potexvirus) (Kassanis and 
Govier, 1971; Sako and Ogata, 1980; Sasaya et al, 2000). In some cases, highly specific 
relationships between the virus, HC-Pro, and the vector have been observed. For instance, 
the aphid Lipaphis erysimi, which was unable to transmit TEV from infected plants, 
became an efficient vector of this virus if acquired in the presence of TuMV HC-Pro (Sako 
and Ogata, 1980). In contrast, transmission of TEV by L. erysimi could not be enabled by 
HC-Pro encoded by PVY (Sako and Ogata, 1980), although this protein has frequently 
been demonstrated to mediate transmission of PAMV by M persicae (Kassanis and 
Govier, 1971; Baulcombe et al., 1993; Sasaya et al., 2000; Manoussopoulos, 2001). 
Studies revealed that L. erysimi and Brevicoryne brassicae transmitted efficiently the 
homologous mixture TuMV/HC-Pro but were unable to transmit the homologous mixture 
ZYMV/HC-Pro, and they failed to transmit the heterologous mixtures of either virus, 
whereas M. persicae and Aphis gossypii transmitted quite efficiently TuMV assisted by 
ZYMV HC-Pro but failed to transmit ZYMV with the TuMV HC-Pro (Dombrovsky et al., 
2005). These results strongly indicate that there can be specific interactions between the 
aphid and the virus as compared to it's HC-Pro in noncirculative transmission and also 
suggest that virus transmissibility or transmission efficiency may greatly depend on the 
source of HC-Pro. This suggestion is supported by the finding that Wheat streak mosaic 
virus (WSMV) transmissibility by the wheat curl mite (Aceria tosichella) was abolished by 
replacement of WSMV HC-Pro with homologues of TuMV (Stenger et al., 2005). Loss of 
vector transmissibility may be due to virus failure to encapsidate because the WSMV 
genomes bearing HC-Pro of heterologous species retained the ability to form virions 
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(Stenger et al., 2005) and were capable of causing systemic infection of the host plant 
(Stenger and French, 2004). The PVY HC-Pro proteins interact with three Arabidopsis 20S 
proteasome subunits have been demonstrated using the yeast two-hybrid system and the 
BiFC assay. Also revealed the deletion mutant analysis of PVY HC-Pro showed that the N-
terminus (residues 1 to 97) is necessary for its interaction with three Arabidopsis 20S 
proteasome subunits (Jin et al, 2007). 
1.1.3.2.3. Role of HC-Pro in short- and long-distance movement 
The involvement of the HC-Pro in short-distance movement of two Potyviruses, Bean 
common mosaic necrosis virus (BCMNV) and LMV, and the interaction of this protein 
with the viral CP were evidenced using E. coli expressed proteins and microinjection 
techniques (Rojas et al., 1997). It has been demonstrated that both proteins trafficked from 
cell to cell, induced an increase in plasmodesmal size exclusion limit (SEL) and facilitated 
cell-to-cell movement of viral RNA. The C-terminal region of HC-Pro seems to play a 
crucial role in this process, as the mutations in this region abolished cell-to-cell movement 
of BCMNV and LMV (Rojas et al, 1997). For long-distance movement of potyviral RNA, 
the central region of HC-Pro is required (Cronin et al, 1995; Kasschau et al, 1997). A 
mutation in this region of HC-Pro abolished long-distance transport of TEV, whereas only 
minor defects in genome amplification and cell-to-cell movement functions were observed 
(Cronin et al, 1995). Studies on a HC-Pro-defective TEV mutant (TEV-GUS/CCCE) 
using grafted non-transgenic and HC-Pro-expressing transgenic plants showed that HC-Pro 
is required in both inoculated and non-inoculated tissues to complement the TEV-
GUS/CCCE movement defects (Kasschau et al, 1997). The function of the HC-Pro of 
TEV as an inhibitor of host defense mechanism restricting both virus replication and 
systemic movement was hypothesized (Kasschau et al, 1997). Another evidence for the 
involvement of HC-Pro in the long-distance movement of potyviruses has been provided in 
studies upon infectivity of tobacco plants with PPV (Saenz et al, 2002). Prunus genus 
infecting PPV strain also infects systemically several species of the Nicotiana genus, 
including N. clevelandii and TV^, benthamiana. In the inoculated leaves of tobacco, the virus 
replicates but is unable to infect systemically this host. The failure of PPV to move long 
distances was complemented in transgenic tobacco plants expressing the 5'-terminal region 
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of the genome of TEV, (infects systemically tobacco). However, PPV was unable to move 
to upper non-inoculated leaves in tobacco plants transformed with the same TEV 
transgene, but with a mutation in the HC-Pro-coding sequences, which suggest that 
biologically active HC-Pro is needed for the long-distance movement of PPV in tobacco. 
Also the engagement of HC-Pro in the systemic movement of a potyvirus can be highly 
host-specific (Saenz et al., 2002). 
For long-distance movement of a Potyvirus, HC-Pro acts coordinately with the viral CP. 
Studies with biologically different isolates (Bl 1 and U) of PVA revealed that mutations of 
HC-Pro and CP had opposite effects on virus accumulation (Andrejeva et al., 1999). Four 
amino acid substitutions introduced into HC-Pro of isolate Bl l increased PVA 
accumulation in tobacco 2 to 4 fold, whereas replacement of the entire CP gene of isolate 
Bll with the CP gene of isolate U reduced virus accumulation 5 fold. Moreover, 
simultaneous mutation of HC-Pro and replacement of CP in isolate B11 delayed systemic 
virus movement in tobacco and reduced cell-to-cell movement in potato. They conclude 
that such effects were most likely due to the coordinated functions of HC-Pro and CP, 
because the phenotypic effects caused by simultaneous mutation of the two genes were 
different from the expected "sum" of phenotypic changes observed following mutation of 
only one gene at a time. The potyviral HC-Pro proteins can also act as enhancers of disease 
symptoms (virulence) and systemic spread for heterologous viruses, e.g. Potato virus X 
(PVX) (Vance, 1991; Vance et al., 1995; Pruss et al., 1997; Sonoda et al., 2000). 
1.1.3.2.4. Post-transcriptional gene silencing 
PTGS is a naturally occurring defense mechanism against genetic stress factors, such as 
viruses (Baulcombe, 1999; Vaucheret et al, 2001; Voinnet, 2001; Jana et al, 2004). It is 
characterized by rapid and sequence-specific degradation of RNA. PTGS is often 
associated with methylation of the transcribed region of the silenced gene and with 
accumulation of smRNAs 1-25 nucleotide long, homologous to the silenced gene (Matzke 
et al, 2001; Wassenegger and Pelissier, 1998). Exogenous and endogenous smRNAs are 
likely to be processed through independent pathways that are isolated by subcellular 
compartmentalization and/or the association with distinct Dicer complexes (Ebhardt et al, 
2005). The most potent inducer of RNA silencing is dsRNA. From the site of virus 
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challenge, a systemic signal is released and silencing process can spread throughout the 
plant. Many plant viruses have developed strategies to counteract PTGS and successfully 
infect plants. One of these strategies is to produce proteins that target the cell autonomous 
or signaling steps of RNA silencing (Voiimet, 2001). The potyviral suppressor of silencing 
comprises the 5'-proximal region of the genomic RNA encoding PI, HC-Pro and a small 
part of P3, and is designated the PI/HC-Pro sequence. The potyviral HC-Pro has so far 
been recognized as a suppressor of PTGS in several virus-host combinations 
(Anandalakshmi et al, 1998; Brigneti et al, 1998; Kasschau and Carrington, 1998; Yelina 
et al, 2002). To elucidate as to whether the role of the TEV, HC-Pro in the systemic 
movement and genome replication is associated with the ability to suppress PTGS, HC-Pro 
alanine scanning and other site-directed mutants have been examined using a transient 
silencing suppression system (Kasschau et al, 1997). The mutants that were 
indistinguishable from wild-type HC-Pro in long-distance movement, genome replication 
and proteolytic functions were also similar to wild-type HC-Pro in PTGS suppression. 
However, the mutants that caused long-distance movement and replication maintenance 
defects were partially or completely defective in silencing suppression. These findings led 
the authors to the conclusion that the requirement for HC-Pro during long-distance 
movement and genome replication correlates with PTGS suppression function of this 
protein, and that this function is independent of HC-Pro proteolytic activity (Kasschau and 
Carrington, 2001). However, the presence of HC-Pro is likely to prevent the plant from 
responding to the mobile signal (Mallory et al, 2001). Also, the suppression of RNA 
silencing by HC-Pro resulted in elimination of smRNAs but, it did not interfere with the 
methylation of a GUS transgene (Mallory et al, 2001). In ZYMV, a mutation in the highly 
conserved FRigoNK box of HC-Pro to FIigoNK suggest that the highly conserved FRNK 
box in the HC-Pro of potyviruses is a probable point of contact with siRNA and miRNA 
duplexes. The interaction of the FRNK box with populations of miRNAs directly 
influences their accumulation levels and regulatory fiinctions, resulting in symptom 
development (Shiboleth et al, 2007) 
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1.1.3.2.5. Synergism and symptom development 
Poty viruses are involved in many cases of synergism of virus diseases. In double infection 
with PVX, PVY enhances symptoms and accumulation of PVX. This synergism requires 
expression of the HC-Pro gene product, but not the RNA itself (Vance et al, 1995; Pruss et 
al, 1997). The same sequence also enhanced the pathogenicity and accumulation of CMV 
and Tobacco mosaic virus (TMV) (Pruss et al, 1997). Mutants with an insertion of the 
amino acid triplet Thr-Met-Ala in two positions within the central region of TEV, HC-Pro 
were unable to induce synergism as evaluated by symptom severity or PVX accumulation 
(Shi et al., 1997). Consequently, loss of synergism function is associated with mutations in 
the central region of HC-Pro. 
1.1.3.2.6. Proteinase activity 
The principal characteristic of the C-terminal region of HC-Pro is its proteinase activity 
required for auto-cleavage at its C-terminus. The main features of this proteinase have been 
reviewed (Maia et al., 1996). Furthermore, the C-terminal part of HC-Pro is also suggested 
to be involved in cell-to-cell movement of the virus as demonstrated by microinjecting E. 
coli expressed HC-Pro of BCMNV or of LMV into host cells (Rojas et al, 1997). 
1.1.3.3. P3 protein 
The P3 protein remains the least characterized Potyvirus protein. However, analysis of the 
sequence diversity in different regions of Yam mosaic virus (YMV) isolates showed that 
there is 80% conservation of the P3 sequence among different isolates as compared to 65% 
in the corresponding PI and CP N-terminal region of the same isolates (Aleman-Verdaguer 
et al, 1997). Most of the differences in the BYMV P3 gene are clustered in the C-terminal 
of the protein, with the greatest variability in BYMV-S relative to MB4 and ODD. As 
BYMV-S does not infect P. vulgaris systemically, and ODD does gene exchange of the C-
terminal portion of the BYMV P3 between BYMV-S and either ODD or MB4 should help 
to determine whether this region confers host-specific determinants for systemic spread or 
distinctive symptoms (Hammond and Hammond, 2003). To gain information on the 
function of P3 in viral infection, localization of the protein was performed by 
immunocytology with antibodies raised against P3 of TVMV (Rodriguez-Cerezo et al, 
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1993) and TEV (Langenberg and Zhang, 1997). The TVMV P3 is localized in the 
cytoplasm of infected tobacco cells or protoplasts, and in both it associate with the CI 
protein at early stages of the formation of the CI structures. In the case of TEV, P3 is 
localized in the nucleus and the nucleoli, and associated with NIa. Despite these conflicting 
results, the conclusion with both viruses is that P3 may be involved in virus amplification. 
Discrepancies between localization of potyviral proteins may result from different 
localizations of the functional protein compared to the non-functional forms, which are in 
large excess (Riedel et al, 1998). Analysis of random insertional mutations along the 
TVMV genome revealed that three mutants carrying insertions located in P3 were unable 
to support viral replication in plants and protoplasts (Klein et al, 1994), again indicating 
involvement of P3 in virus replication. Since P3 (together with 6K1 and 6K2) is the only 
potyviral protein with no RNA binding activity (Merits et al., 1998) its participation in 
replication is postulated to occur through its interaction with CI (Rodrfguez-Cerezo et al., 
1993), which is part of the replication complex (Klein et al., 1994). A role of P3 in plant 
pathogenicity is supported by using different approaches. Mutation studies showed that the 
lack of cleavage between P3 and the downstream 6K1 peptide in PPV had no effect on 
virus viability but resulted in symptomless infections (Riechmann et al, 1995). Further 
analyses of the effect of mutations in the cleavage site between P3 and 6K1, which only 
slightly affected in vitro cleavage, led to variations in the appearance and strength of the 
symptoms during infection. The C-terminal region of the P3-6K1 complex carries a 
pathogenicity determinant of PPV (Saenz et al, 2000). In other approach, the transgenic 
tobacco plants transformed with the TVMV P3 gene developed poorly, pointing to a 
detrimental effect of this gene (Moreno et al, 1998). These transgenic plants showed 
resistance towards most TVMV strains but not towards other potyviruses, indicating an 
RNA-based resistance. Interestingly, silencing of the transgene was shown to occur at 
certain developmental stages of the plant in the absence of virus infection. Finally, P3 in 
concert with other viral proteins is involved in the wilting phenotype (Chu et al, 1997), It 
is interesting to note that replacement of the naturally occurring HC-Pro/P3 cleavage site 
by the NIa specific cleavage site, did not continue viral amplification (Kasschau and 
Carrington, 1995), as opposed to a similar replacement in the Pl-HC-Pro cleavage site 
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(Verchot and Carrington, 1995). 6K1 peptide is normally found bound to P3, it is discussed 
withP3. 
1.13.4. CI protein 
The principal feature of the CI protein is to possess ATPase activity and to unwind RNA 
duplexes. Indeed, the CI protein of PPV was the first demonstration that a protein encoded 
by a positive stranded RNA virus is endowed with helicase activity (Lain et al., 1990, 
1991). It was subsequently shown that the CI protein of Tamarillo mosaic virus possesses 
similar properties to those of the PPV CI protein (Eagles et al, 1994). Whether isolated 
from infected plants or expressed as a fusion protein from bacteria, the CI protein of PPV 
presents identical properties (Lain et al, 1990, 1991; Fernandez et al, 1995). It has NTP 
binding, NTPase, RNA binding and RNA helicase activities. The Potyvirus CI protein 
belongs to the 'super family 2' of proteins, characterized by seven conserved segments 
(Kadare and Haenni, 1997). These segments occupy the N-terminal half of the protein. Of 
these, segment VI, which is rich in basic amino acids, in particular Arg, is prone to binding 
to nucleic acids is sufficient for RNA binding of CI in vitro (Fernandez et al., 1995; 
Fernandez and Garcia, 1996). This has been demonstrated by introducing a series of 
deletions within the 635 amino acid-long PPV, CI protein. Deletions upstream of the RNA 
binding domain (amino acids 350^02) dramatically impaired the helicase and NTPase 
activities, but retained RNA binding capacity. Consequently, RNA binding can occur in 
the absence of helicase activity. 
In addition to the RNA binding domain comprising the Arg rich segment VI, a second 
RNA binding domain has been characterized that is located between amino acids 73 and 
143 (Fernandez and Garcia, 1996). It contains the conserved segments I important for NTP 
binding and la of unknovm function. It has been suggested that segment II, which is 
involved in NTPase activity could be located in close proximity to, and could interact 
directly with the RNA binding domain in segment VI, compatible with coupling between 
these two functions for proper unwinding activity. Mutations have also been introduced in 
segment V of the full-length PPV CI protein (Fernandez et al, 1997). When introduced 
into the PPV genome, the mutant constructs of CI deficient in RNA helicase activity 
replicated to low levels in protoplasts and did not infect host plants. Motif V thus appears 
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to be involved in NTPase activity required for the unwinding process, although it does not 
bind to RNA (Fernandez et al, 1995). 
To examine this biochemical activities in-vivo, the localization of the ATPase activity has 
been examined in cells of maize plants infected by Maize dwarf mosaic virus (MDMV) or 
non-infected healthy plants (Chen et al, 1994). In addition to sites of ATPase activity 
common to infect and healthy plants in cytoplasmic vesicles located in close proximity to 
the CI protein. It has been proposed that the vesicles are the sites of viral RNA synthesis 
and the presence of an ATPase in this compartment, since RNA helicases, which are 
always NTPases, appear to participate in the replication process. The presence of ATPase 
activity in plasmodesmata of infected cells, suggests that cell-to-cell movement of the viral 
RNA requires ATP hydrolysis; this movement could require helicases that are linked to 
ATPases. Thus, the CI protein may participate in cell-to-cell movement of the virus. The 
function of CI in virus replication is still largely unknown. To investigate the possible role 
of CI and of other TVMV proteins in this process, a series of 12 nucleotide insertion 
mutations were introduced in the cDNA clone of TVMV and the resulting mutated 
constructs were transfected into protoplasts and inoculated into host plants (Klein et al, 
1994). Mutations in five of the coding regions of the genome, including CI, were unable to 
replicate. Localization of BCMNV CI in infected cells was investigated by microinjection 
of the E. coli expressed protein into mesophyll cells (Rojas et al, 1997). CI did not move 
to neighboring cells or increase the SEL of plasmodesmata, but remained in the cytoplasm 
where it formed aggregates. These results have been interpreted to mean that CI is not a 
movement protein (MP) in the same sense as are the CP and HC-Pro. On the other hand, 
direct localization of CI in plants infected with TVMV as examined by immunogold 
labeling (Rodriguez-Cerezo et al, 1997; Rojas et al, 1997) demonstrated that CI was 
located close to plasmodesmatal connections at early stages of infection. 
1.1.3.5. 6K2 peptide 
The 6K2 peptide possesses no established enzymatic function. Nevertheless, its 
intracellular localization has been examined in some detail. When bound to NIa, the 6K2 
peptide of TEV prevents transport of NIa to the nucleus, and thus seems to override 
nuclear translocation of NIa (Restrepo-Hartwig and Carrington, 1992). Mutated versions of 
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the 6K2 gene were introduced into the TEV genome bearing the GUS reporter gene 
downstream of the 6K2 gene (Restrepo-Hartwig and Carrington, 1994). Insertions resuhed 
in non viable virus in protoplasts. Mutations that led to improper maturation of the 6K2 
peptide debilitated the virus or were lethal. In another series of experiments, the 
localization of the 6K2 peptide was assessed in transgenic plants expressing the 6K2with 
fused GUS proteins. The fusion proteins sedimented with crude membrane fractions, 
whereas GUS alone was recovered in the soluble fraction and has been demonstrated, by 
deletion analyses, that binding to membranes occurs via the central hydrophobic domain of 
the 6K2 peptide (Schaad et ai, 1997). The protein associates with large vesicular 
compartments deriving from the endoplasmic reticulum (ER). It has consequently been 
proposed that the 6K2 peptide is required for genome amplification and that it anchors the 
replication apparatus to ER-like membranes. Targeting to these membranous sites may 
require a 6K2-VPg, a 6K2-NIa, or possibly an even larger polyprotein. 
1.1.3.6. NIa protein 
NIa is composed of two domains, the N-terminal VPg, and the C-terminal proteinase 
domain; these two domains will be referred to as VPg and NIa-Pro. NIa is the major 
proteinase of potyviruses: it processes the polyprotein in cis and in trans to produce 
functional products. A detailed review of its proteolytic activity has been presented 
(Riechmann et ai, 1992). NIa processing of the polyprotein is an efficient and regulated 
process, different sites being cleaved at different rates, and efficiencies leading to the 
production of intermediates with different fiinctions. The NIa proteinases show specificity 
toward the cleavage sequences of their cognate polyprotein. There are few differences 
between GDD and MB4, but many between these isolates and BYMV-S in the NIa-VPg; 
this suggests that NIa-VPg may also contribute to the "atypical" nature of BYMV-S 
(Randies et ai, 1980). Gene exchange with GDD or MB4 is likely to offer insights into 
additional roles of NIa-VPg, possibly affecting host specificity or symptom expression 
(Hammond and Hammond, 2003). 
For most potyviruses, NIa is co-localized with Nib in inclusion bodies in the nucleus of 
infected cells. However, more detailed analyses have revealed that this localization may 
vary for different potyviruses (Riedel et al, 1998). The VPg domain of NIa has essential 
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functions in viral replication and host genotype specificity. Covalent attachment of VPg to 
the viral RNA was shown to involve a Tyr residue (Riechmann et al, 1992). Mutations of 
the Tyr linking the VPg to viral TVMV abolish viral replication in protoplasts (Murphy et 
al, 1996). A 3D model of PVY VPg (Plochocka et al, 1996), based on similarity of 
hydrophobic-hydrophilic residue distribution between VPg and malate dehydrogenase, 
indicated that the covalent link occurs through the exposed hydroxyl group of the Tyr at 
position 64, embedded in a compact structure with the phosphate of the terminal A residue 
of the viral RNA. 3D model presents further evidence for interactions between VPg and 
the viral RNA, such that the 5% RNA sequence is exposed on the surface and free to 
interact with other components for RNA replication. Sequence non-specific interactions 
have been shown to occur between the PVA VPg and RNA (Merits et al, 1998). Protein-
protein interactions have also been reported found between VPg and host cellular proteins. 
The two hybrid system has been used to screen an Arabidopsis thaliana cDNA library for 
interactions with the TuMV VPg. Interaction has also been shown to occur between the 
eukaryotic translation initiation factor (eIF4A) and NIa of TEV in a strain-specific manner 
(Schaad et al, 2000). Thus, the VPg-eIF4E interaction is crucial for virus production. The 
precise role of this interaction is, however, unclear, aside from the most straightforward 
interpretation, which is in initiation of translation of the viral genome. This interaction 
could also lead to inactivation of elF (iso) 4E resulting in shut-off of host protein synthesis. 
The VPg was proposed to be a determinant of systemic movement, interacting either 
directly or indirectly with host components. In PVA, VPg in concert with the 6K2 peptide 
is believed to be responsible for vascular movement of the virus (Rajamaki and Valkonen, 
1999). The VPg subcellular site of the VPg-eIF(iso)4E interaction has been shown using 
bimolecular fluorescence complementation (BiFC). eIF(iso)4E was predominantly 
associated with the endoplasmic reticulum (ER) (Beauchemin et al, 2007). 
Proteolytic activity has been characterized particularly with respect to possible internal 
cleavage sites present in NIa. Removal of the C-terminal amino acids of TEV and TuMV 
NIa by an intramolecular autoproteolytic process has been demonstrated when the NIa-Pro 
domain was expressesd in E. coli (Kim et al, 1996, 1998; Parks et al, 1995). 
Unexpectedly, these internal cleavage sites were not observed in the case of the bacterial 
expressed TVMV NIa (Hwang et al, 2000). Interaction of NIa with itself and with Nib 
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was studied using the two-hybrid system. NIa of TVMV has been shown to interact with 
itself and with Nib (Hong et ai, 1995). The NIa-NIb interaction is not affected by 
mutations in the highly conserved Gly-Asp-Asp (GDD) motif of Nib, but is abolished by 
mutations in the Tyr residue linking the VPg domain to the viral RNA. Using the two-
hybrid system with the VPg or NIa-Pro domains, Li et al. (1997) identified the NIa-Pro 
domain as necessary for NIa-NIb interaction. Mutations in the GDD motif of Nib had no 
effect on the interaction with NIa but resulted in a dominant-negative phenotype. In 
addition, temperature-sensitive mutants of NIa were tested for their ability to interact with 
Nib. The loss of interaction has been correlated with mutations in the proteinase domain 
(Daros et al, 1999). When these mutations were introduced in a recombinant TEV strain 
they led to temperature-sensitive genome amplification. Based on these observations, a 
model has been proposed in which Nib would interact with the proteinase domain of NIa 
bound to cell membranes possibly in association with the 6K2 peptide. Initiation of RNA 
synthesis might then be favored by the VPg domain of NIa that would prime RNA 
synthesis (Li et al, 1997; Daros et al, 1999). NIa is able to bind RNA, either as NIa-Pro, 
NIa, 6K2-NIa or VPg (Merits et al, 1998). The amino acid changes in the central part of 
the VPg have been reported for the responsible for the potyvirus ability to overcome 
eIF4E-mediated resistance (Charron et al, 2008). 
1.1.3.7. Nib protein 
Nib is the RdRp of Potyviruses, as it carries the GDD sequence, the hallmark of RdRps, 
and has been shown to possess replicase activity (Hong and Hunt, 1996). The Nib binds 
RNA, as demonstrated in a systematic survey of the PVA proteins capable of interacting 
with RNA (Merits et al, 1998). Moreover, analysis of the behavior of the TVMV genome 
containing 12 nucleotide long insertions dispersed throughout the genome, further 
demonstrated that Nib is required for genome amplification (Klein et al, 1994). Indeed, a 
12 nucleotide long insertion bordering domain I of the eight domains conserved among the 
RdRps of positive strand RNA viruses (Koonin, 1991) prevented production of progeny 
viral RNA in protoplasts and plants. TEV Nib mutants could be rescued to varying 
degrees, depending on the location of the mutation, by wild type Nib expressed in 
transgenic plants (Li and Carrington, 1995). It was established that Nib interacts with NIa 
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either through its VPg domain (Hong et al, 1995; Fellers et al., 1998) or NIa-Pro (Li et ai, 
1997; Daros et al., 1999). Also the interaction between Nib and the host poly (A) binding 
protein has been demonstrated; however as to how such an interaction affects virus 
amplification is unknown (Wang et al, 2000). 
The Nib protein generally forms inclusions in the nucleus of infected plants, even though it 
is required in the cytoplasm or in membranes associated with replication complexes during 
viral RNA synthesis. Indeed, using the two-hybrid system, interactions of Nib with itself 
was shown in the case of TVMV (Hong et al., 1995) but not for TEV (Li et a!., 1997) or 
ZYMV (Wang et al, 2000). Nib contains two independent NLS (Li et al, 1997). 
Alterations within the basic regions contained in either of these signals prevented nuclear 
transport of the mutated protein. The two NLS (nuclear localization signal) were able to 
separately direct transfer of reporter proteins to the nucleus. However, it is likely that the 
structural integrity of Nib is involved in controlling the transport of the protein to the 
nucleus. The function of Nib in the nucleus is unknown. 
1.1.3.8. Coat protein (CP) 
The CP of potyviruses has been characterized in detail (Shukla and Ward, 1989). It can be 
roughly divided into three domains. Variable N- and C-terminal domains that are exposed 
on the surface of the particle and are sensitive to mild trypsin treatment, and the more 
conserved central or core domain. The N-terminal domain contains the major virus-specific 
epitopes. The CP is involved in aphid transmission, cell-to-cell and systemic movement, 
encapsidation of the viral RNA and finally in the regulation of viral RNA amplification. 
Multiple alignment of the CP amino acid sequence of 24 distinct BYMV isolates, and 13 
isolates of ClYVV available in GenBank revealed that most of the variability is localized 
in the N-terminal domain. This region is exposed on the surface of the virion and contains 
the immunodominant epitopes (Jordan, 1992; Shukla et al., 1994). Most isolates (including 
ODD, MB4 and S) contain the tripeptide NAG, close to the N-terminus of the CP, which is 
associated with aphid transmissibility (Atreya et al., 1992). Sasaya et al. (1998) grouped 
BYMV isolates into four pathotypes based on differential host reactions, which correlate 
well with the major sub-groupings observed in phylogenetic trees based on CP, amino acid 
or nucleotide sequences. 
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1.1.3.8.1. Aphid transmission 
The DAG motif that is highly conserved among aphid transmissible poty viruses is present 
in the exposed N-terminal region of the CP. Based on mutations of this motif, it has been 
suggested that it is essential for virus transmission. Indeed, a comparison of the amino acid 
sequence of the CP from AT and NAT isolates led to the suggestion that the DAG motif is 
required for aphid transmission (Harrison and Robinson, 1988). This was confirmed when 
infectious in vitro produced RNA transcripts became available. Point mutations changing 
the amino acids within this triplet, or certain changes in residues adjacent to this triplet, 
resulted in loss or in greatly reduced transmissibility (Atreya et al, 1991, 1995; Gal-On et 
al., 1992) indicating that the DAG motif is by itself not necessarily sufficient and that the 
context of the motif is also important for efficient transmission (Lopez-Moya et al., 1999). 
CP mutants, as well as those obtained with HC-Pro; indicate that a strong correlation exists 
between aphid transmissibility and HC-Pro-CP interaction to form a complex 
indispensable for efficient transmission. To explain the mechanism of transmission, several 
hypotheses have been proposed, of which the 'bridge hypothesis' is widely favored (Pirone 
and Blanc, 1996). On the other hand, the use of the N-terminal region of the CP as a fusion 
protein in transmission assays in competition with MDMV inhibited aphid transmission 
(Salomon and Bemardi, 1995). This is in favor of a more complex interaction between 
HC-Pro, CP and aphid stylets. A specific interaction between the CP and HC-Pro has been 
demonstrated (Blanc et al, 1997; Flasinski and Cassidy, 1998; Peng et al, 1998). This 
interaction was possible only with the CP from the TVMV-AT but not from the TVMV 
NAT strain that has mutations in the DAG motif or in adjacent residues. Thus it appears 
that the DAG motif in the CP and the PTK motif in HC-Pro are involved in the interaction 
between these two proteins necessary for aphid transmission of the virus. Interestingly, no 
interaction between the CP and HC-Pro of PVA could be detected using the two-hybrid 
system (Guo et al, 1999). 
1.1.3.8.2. Cell-to-cell and systemic movement 
The movement of viruses either from cell to cell or through the plant is mediated by virus-
encoded MPs. In certain cases the MPs can function in coordination with the CP for the 
passage of virions fi-om one cell to another (Kasteel et al, 1993). For potyviruses, the 
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mechanism of viral RNA transport is poorly understood. Nevertheless, it is known that the 
CP plays a very important role in transport, since deletion of a part of the N-terminal CP 
region results in a virus hindered cell-to-cell movement and blocked systemic movement 
(Dolja et al, 1994). The N- and C-terminal regions, although dispensable for assembly of 
the virion, are indispensable for systemic movement (Dolja et al., 1995). Two isolates of 
PSbMV differing in their ability to move systemically in Chenopodium quinoa were 
characterized by mutation analysis. The residue at position 47 of the CP was implicated in 
this phenomenon. However, this amino acid alone is not the only determinant allowing 
systemic movement of PSbMV in C. quinoa (Anderson and Johansen, 1998). Interestingly 
all mutations within the core of the CP that affected assembly with viral RNA, and 
deletions of the N- and C-termini also defective in cell-to-cell spread and systemic 
movement of the virus, were rescued efficiently by transgenic CP (Dolja et al, 1994, 
1995), suggesting that the CP is intimately involved in cell-to-cell (core) and systemic (N-
and C-termini) movement, and that these two functions require distinct domains of the CP 
subunit. Indeed, in the N-terminus of the TEV CP, a change in the first residue of the DAG 
motif (Arg or Lys) leads to loss of the ability of the mutant to systemically infect tobacco 
plants and causes limited cell-to-cell movement (Lopez-Moya and Pirone, 1998). 
Furthermore, transgenic CP of PVY can complement movement-deficient CP of PVX 
emphasizing the direct involvement of potyvirus CP in cell-to-cell movement (Fedorkin et 
al, 2000). On the basis of the results obtained, it was proposed that the mutations in the 
core of the CP, in addition to debilitating encapsidation, could affect protein-protein or 
protein-RNA interactions involved in the formation of a nonvirion transport complex. It is 
equally possible (Rojas et al, 1997) that the CP and HC-Pro are two MPs able to increase 
the SEL of plasmodesmata and to facilitate cell-to-cell movement of viral RNA. In 
agreement with this proposal, coordinated fianctions of HC-Pro and CP in PVA 
accumulation and movement have been observed (Andrejeva et al, 1999). 
1.1.3.8.3. Encapsidation of viral RNA 
The main function of the CP is to encapsidate the viral RNA, and only the core domain is 
required for this function. Assembly and disassembly of potyvirus particles have been 
reviewed (Shukla and Ward, 1989). The CP interacts closely with the RNA in the interior 
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of the virion and forms inter-subunit contacts necessary for assembly and stability of the 
particle. Two essential amino acids, R194 and D238 were identified by mutagenesis in the 
core of the Johnson grass mosaic virus (JGMV) CP (Jagadish et al, 1993). Dolja et al. 
(1994, 1995) have shown that mutations in conserved sites within the core of the TEV CP 
render assembly of the virus defective and the virus is unable to move from cell to cell. In 
protoplasts or in plant extracts infected with TEV-GUS mutants containing a CP with a 
single substitution (S122W, R154D or D198R), or double substitutions at the level of R154 
and D198, no virus particles were detected by serologically specific electron microscopy. 
On the other hand, deletion of 17 amino acids from the C-terminal domain had no effect on 
virus assembly, indicating that this domain is not required for encapsidation. Similar 
conclusions were reached when comparable mutations were introduced in the PPV CP 
(Varrelmann and Maiss, 2000). The core CP is therefore indispensable for virus assembly 
in-vivo, and mutations in the core inhibit virion formation even in the presence of wild-
type CP supplied in trans. By using the yeast two-hybrid system the CP from PVY has 
been found to interact with a novel subset of DnaJ-like proteins from tobacco, designated 
NtCPIPs. The NtCPIPs act as important susceptibility factors during PVY infection, 
possibly by recruiting heat shock protein 70 chaperones for viral assembly and/or cellular 
spread (Hofius et al., 2007). 
1.1.3.8.4. Regulation of viral RNA amplification 
Interaction between the CP and Nib was demonstrated using the two-hybrid system. This 
interaction was affected by mutations in the highly conserved GDD motif of Nib (Hong et 
al., 1995), suggesting that it is involved in regulation of viral RNA synthesis. It was shown 
that translation of the CP gene could stimulate genome amplification in the absence of the 
TEV CP product (Mahajan et al., 1996). This activity required translation up to the 
position of codons between 138 and 189. None of the amplification-defective mutants were 
rescued in transgenic cells expressing the CP. Finally it has also been proposed that one or 
more cis acting RNA sequences controlling genome amplification are contained within the 
CP coding sequence between cordons 211 and 246. These data suggest the existence of 
specific secondary or tertiary structures that may interact with viral or plant factors and 
must be activated by ribosome passage (Mahajan et al., 1996). 
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1.2. Cucumber mosaic virus (CMV) 
Cucumber mosaic virus (CMV) is the type species of genus Cucumovirus, family 
Bromoviridae. CMV was first reported in 1916 as the causal agent of diseases in cucumber 
and muskmelon (Doolittle, 1916; Jagger, 1916). Since then, a number of surveys have 
revealed that CMV is one of the most commonly occurring viruses throughout the world. 
Remarkably, it is now considered that CMV infects more than 1000 plant species (Moury, 
2004) and now is an exceptional model for studying virus evolution and adaptation 
because of its extremely broad host range (Palukaitis et al, 1992; Gallitelli, 2000). The 
various arrays of symptoms induced by CMV, range from complete necrosis to latent 
infection (Horvath, 1975; Raizada et al, 1984). CMV particles have icosahedral 
symmetry, about 29 nm diameter when negatively stained in uranyl acetate at pH 4.5 
(Francki, 1985). CMV particles have an extinction coefficient of 5.0 at 260 nm (Francki et 
al, 1966) and have spherical protein capsid which encapsidates RNA (Diener et al, 1964; 
Kaper and Waterworth, 1981). The CP is composed of 180 identical protein subunits 
arranged in pentamer and hexamer clusters with T=3 icosahedral surface lattice symmetry 
(Finch et al, 1967).The structures of CMV particles have been analyzed by high resolution 
X-ray crystallography (Canady et al, 1995; Wikoff e/ al, 1997; Lucas et al, 2002; Smith 
et al, 2000). Most strains of CMV known to be poorly immunogenic in nature and yield 
low titred antiserum (Francki, 1985). Polyclonal and monoclonal antibodies specific 
against several strains of CMV have already been raised (Porta et al, 1989). Serological 
relationships among cucumoviruses have been extensively reviewed (Francki, 1985; 
Palukaitis e? a/., 1992). 
1.2.1. Genome organization 
The CMV genome consists of three functional single-stranded RNA molecules, of which 
RNA 1 and RNA 2 encode components of the viral RNA-dependent RNA polymerase 
(Nitta et al, 1988), while the bicistronic RNA 3 encodes the movement protein (MP) 
(Suzuki et al, 1991) and coat protein (CP) (Schwinghamer and Symons, 1977). The CP is 
translated from the subgenomic RNA 4, which is encoded by the 3'-half of the RNA 3 
(Gould and Symons, 1982). A small overlapping gene (2b), encoded by RNA 2, was 
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discovered more recently and is most likely expressed through a second subgenomic RNA 
(Dinge?a/.,1994)(Fig.4). 
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Fig.4. Genome organization of CMV and functions associated with different proteins. 
Codon positions subjected to positive selection are indicated above the ORP boxes for 
strains in subgroups lA and IB or below the ORF boxes for strains in subgroup II of CMV. 
Codons undergoing positive selection for which a biological function (aphid transmission) 
has been demonstrated are underlined. Nucleotide and codon positions numbers are given 
for the Fny strain. ' 
CMV particles in addition to the genomic RNA can also contain a small satellite RNA of 
330-386 nucleotides. Based on nucleotide sequence alignment, all the four RNA species 
contain 3'-UTR terminal region of about 200 nucleotides, which fold into tRNA like 
structure whereas the 3'ends of CMV RNA 4 could be specifically aminoacylated with 
tyrosine (Rizzo and Palukaitis, 1990; Kataoka et al, 1990). Furthermore, studies have 
shown that these regions are important for viral RNA replication in case of BMV (Rao et 
al., 1989). All the four RNA species have 7-methylguanosine cap at their 5'-terminal ends 
(Symons, 1975). The ORFs for proteins la, 2a, and 3a capsid protein are found in all 
genera of the family Bromoviridae whereas the ORF for 2b protein is only found in genera 
( Lii^vmovirus ana iiarvirus fXin et al. 1998V 
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However, 2b and capsid proteins are translated from subgenomic RNA 4a and RNA 4, 
respectively (Ding et al, 1994) (Fig. 4). All three cucumoviruses are able to encapsidate 
RNA 4, while RNA 4a is encapsidated by strain of CMV subgroup II and TAV, but not by 
CMV subgroup I strains (Palukaitis et al, 1992; Shi et al, 1997; Blanchard et al, 1997). 
Cucumoviruses also encapsidate several other smaller RNAs for instance, RNA 5 of the 
subgroup II Q strain of CMV has 304-304 nucleotide and heterogeneous mixture of the 3'-
UTR region of RNAs 2 and 3 (Blanchard et al, 1996). The CMV particles also encapsidate 
RNA6 a mixture of plant tRNA and CMV- RNA fragments of 70-80 nucleotide long 
(Palukaitis e/d?/., 1992). 
1.2.2.1. RNA la protein 
The RNA la protein, encoded by RNAl has been shown to be component of the isolated 
CMV replicase, localized to the vacuolar membrane (Cillo et al, 2002). This protein 
sequences are conserved among the cucumoviruses, and have two functional domains: (i) 
N-terminal proximal domain is a putative methyltransferase domain involved in the 
capping of genomic and subgenomic RNAs. (ii) C-terminal domain is a putative helicase 
(Gorbalenya et al, 1988; Habili and Symons. 1989; Rozanov et al, 1992). The sequences 
involved in eliciting a hypersensitive response in tobacco and seed transmission of CMV 
were fovmd in la protein (Hampton and Francki, 1992). Sequences that affect temperature 
sensitive replication of Fny strain of CMV in muskmelon have been mapped to the 
methyltransferase domain (Bao et al, 1996). The S-adenosylmethionine has been shown to 
bind 2a protein which is required for methylation of 5' cap structure (Bao et al, 1996). The 
C-terminal half of cucumovirus la would be expected to be involved in the interaction 
with 2a protein. The CMV la protein is essential not only for virus replication but also for 
movement (Kim et al, 2008). 
1.2.2.2. RNA 2a protein 
The 2a protein is encoded by RNA2 and has been localized in the tonoplast (Cillo et al, 
2002). The 2a protein contains motifs related to RNA-dependent RNA polymerase (Habili 
and Symons, 1989). Polymerase motif CMV 2a sequences (within and adjacent) have been 
identified as affecting a hypersensitive response and systemic infection in cowpea (Kim 
and Palukaitis, 1997). The CMV 2a protein phosphorylates at least three domains. 
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However, the sites have not been locaUzed (Kim et al, 2002). The CMV 2a protein has 
been able to interact with la protein. The N-terminal 126 amino acids of the CMV 2a 
protein were required, both in vivo and in vitro. Furthermore, in vitro phosphorylation of 
this domain was found sufficient to block the interaction between la and 2a proteins (Kim 
et al, 2002). This finding suggested that the phosphorylation may be a regulator of the 
formation of the replicase complex and other role of the 2a protein, exhibited resistance to 
CMV infection (Wintermantel and Zaitlin, 2000). The transgene expression of the 2a 
protein was much more limiting for replication than la protein (Palukaitis and Garcia-
Arenal, 2003). 
1.2.2.3. RNA 2b Protein 
The RNA 2 also encodes the 2b protein. However, expressed from a subgenomic RNA 
designated RNA 4a and bind to single stranded RNA (Ding et al, 1994). The 2b protein of 
CMV and TAV has been shown to be a suppressor of posttranscriptional gene silencing 
(Brigneti et al, 1998; Li et al, 1999). CMV 2b protein has been found to activate gene 
silencing in distant tissues, as well as to interfere with DNA methylation in such tissues 
(Brigneti et al, 1998; Guo and Ding, 2002). Moreover, nuclear localization of the 2b 
protein its ability to inhibit DNA methylation have been reported. Mutations in the 2b 
protein that interfered with nuclear localization, affect the posttranscriptional gene 
silencing function (Lucy et al, 2000; Mayers et al, 2000). Deletion of the C-terminal, 15-
16 amino acids of the CMV 2b have been shown two effects: 
i) inhibits transcriptional activation (Ham e^/. , 1999) 
ii) virus accumulation in systemic leaves, and virulence expression (Ding et al, 
1995b), but did not affect the nuclear localization or silencing suppression 
(Lucy et al, 2000). Nevertheless, silencing suppression and virulence 
determination are not necessarily linked properties of the 2b protein. 
L2.2.4. RNA 3a Protein 
The RNA 3 encodes the 3a protein, which is essential for virus movement (Suzuki et al, 
1991; Boccard and Baulcombe, 1993; Canto et al, 1997). The 3a protein binds to single 
stranded nucleic acid within sequence specificity (Li and Palukaitis, 1996). The protein can 
bind GTP (to a lesser extent UTP) under in vitro conditions and phosphorylates in vivo (Li 
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and Palukaitis, 1996; Matsushita et al, 2002). However, the role of phosphorylation of the 
3a protein in virus movement has not been determined. The movement protein has been 
localized to plasmodesmeta between infected cells (Vaquero et al, 1997; Blackman et al, 
1998), and large aggregates inside sieve elements (Blackman et al, 1998). The 3a protein 
was able to form tubules on the surface of infected tobacco protoplasts (Canto and 
Palukaitis, 1999a). Mutation of amino acids Tyr-144/ Asp-145 to alanine inhibited the viral 
movement (Ding et al, 1995a; Li et al, 2001) and mutation on the other sites also 
subdued (Li et al, 2001; Nagano et al, 2001). On the other hand, mutations of amino acids 
51 and 240 of the 3 a protein increased the level of 3 a protein accumulation in tobacco upto 
50 fold (Gal-On et al, 1996), and also increased the efficiency of systemic movement 
(Gal-On et al, 1995). On the other hand, it inhibited the ability of the same virus to move 
systematically in cucurbit species (Kaplan et al, 1997). Similarly mutation at the 20/Asp-
21 to alanine vetoed local lesion formation in Vigna unguiculata and Chenopodium quinoa 
(Li et al, 2001). Mutation at this site did affect movement between epidermal cells in 
tobacco and also barred local lesion formation in several plant species (Canto and 
Palukaitis, 1999a, 1999b; Li et al, 2001). Another mutational study revealed that the 
amino acid Pro-60 to alanine did not affect cell-to-cell movement, but found the 
temperature sensitive effect on long distanced movement (Li et al, 2001). Moreover, some 
of these mutations also inhibited RNA binding and plasmodesmatal localization (Palukaitis 
and Garcia - Arenal, 2003). 
1.2.2.5. RNA 3b Capsid protein 
The capsid protein (3b) is encoded by RNA 3. However, it is expressed from the sub 
genomic RNA 4. Capsid protein is also associated with virus movement, within or between 
plants (Suzuki et al, 1991; Boccard and Baulcombe, 1993; Canto et al, 1997). Although 
this indicates to be an indirect role for cell-to-cell movement (Kaplan et al, 1998; Wong et 
al, 1999). On the other hand, this protein is essential for long distance movement. 
Determinants as capsid protein affected long distance movement in several hosts 
(Takeshita et al, 2001; Wong et al, 1999). 
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1.2.3. Additional RNA associated with CMV 
Some strains of subgroup II contain three additional minor RNAs i.e. 4a, 5 and 6 (Peden 
and Symons, 1973). The RNA 4a and 5 are not found in strains of subgroup I (Palukaitis et 
al, 1992). These are known as satellite RNAs. Structurally, satellites RNAs are small, 
linear and single stranded that depend on the helper virus (cucumovirus) for their 
replication, encapsidation and transmission (Palukaitis and Garcia-Arenal, 2003). No 
satellite RNAs have been found in association with TAV. Neither CMV-satellite RNAs 
nor PSV satellite RNAs can be maintained by the heterologous helper viruses. However, 
TAV acts as a helper virus for CMV satellite RNAs, but not for PSV satellite RNAs 
(Roossinck et al, 1992). CMV has been used as a model system in studying the 
replication, pathogenesis, structure-function relationship; genetic variation and evolution 
of plant pathogenic RNAs. Further, satellite RNAs of CMV has been used as a bio control 
agent (Tousignant and Kaper, 1993; Garcia-Arenal and Palukaitis, 1999). 
A number of CMV-satellite RNAs variants has been sequenced and found associated with 
subgroup I and II. The length of nucleotides of most of the satellite RNAs varies from 332-
342 all over the world. However, some larger satellite RNAs species have been reported 
with 386-405 nucleotides. The larger satellite RNAs species come from insertion of 
sequences relative to the satellite RNA in the smaller class. These larger satellite RNAs 
species have been mostly reported from the East Asia and Italy. Furthermore, larger 
satellite RNAs always associated with Asian isolates/strains of CMV (Garcia -Arenal and 
Palukaitis, 1999). It has been reported that plant virus-derived small interfering RNAs 
(vsiRNAs) originated predominantly from structured single-stranded viral RNA of a 
positive single-stranded RNA virus replicating in the cytoplasm and from the nuclear stem-
loop 35S leader RNA of a double-stranded DNA (dsDNA) virus. Increasing lines of 
evidence have also shown that hierarchical actions of plant Dicer-like (DCL) proteins are 
required in the biogenesis process of small RNAs, and DCL4 is the primary producer of 
vsiRNA. Recently results have been revealed that viral RNA of diverse structures may 
stimulate antiviral DCL activities in plant cells (Du et al, 2007). 
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1.2.4. Variability and evolution 
Isolates of CMV are extremely heterogeneous on the basis of host range, symptomatology, 
immunology and molecular analysis of the genomic RNAs. This leads to classification of 
CMV strains into two subgroups I and II according to molecular analysis of genomic 
RNAs (Owen and Palukaitis, 1988; Palukaitis et al, 1992). The nucleotide sequence 
percentage identifies of isolates from each subgroup varies from 69 to 77%. This 
percentage identity depends on the RNA species and the pair of isolates being compared. 
The dissimilarity in sequence is the highest in RNA 2 and percentage identity among 
isolates of subgroup I and II is higher than 96% and %8%, respectively. This percentage 
identity indicates that subgroup I is more heterogeneous as compared to subgroup II 
(Palukaitis and Garcia-Arenal, 2003). The analysis of the RNA 3 ORF revealed that the 
closely related isolates form a monophyletic cluster and categorized into subgroup lA 
(isolates, Mf, Leg, Fri and Y). The remaining isolates of subgroup I are categorized in non-
monophyletic group, subgroup IB. Rearrangements, deletions and insertions in the 5'-UTR 
region of RNA 3 correlate with this division of subgroup I and might be the basis of the 
origin of the subdivision (Roosinck et al, 1999). Although, RNA 2 open reading frames 
(ORFs) analysis shows that strains in both lA and IB constitute monophyletic groups. On 
the other hand, analysis of RNA 1 ORFs shows no clear division of subgroup I in lA and 
IB. These ORFs analysis indicates that each of the three genomic RNAs of CMV has a 
different evolutionary history (Roossinck, 2002). According to distribution point of view, 
isolates belongs to subgroup I A and II have been found across the world, but with two 
exceptions i.e. one, Tfn from Italy (Gallitalli, 2000) and two, field isolates from California 
(Lin et al, 2003). Isolates of subgroup I B are predominant in East Asia. 
Comparison of the sequence identity among three isolates of cucumoviruses varies 
between 51 to 67%. The homologies in sequence are highest for RNA 1 and lowest for 
RNA 3. The ORF for the la protein is the most conserved between species (64-69 % 
identity), and the 2b ORF is the least conserved (27-49% identity). Mutation is primary 
source of genetic variation especially in RNA viruses (Garcia -Arenal et al, 2001). Nature 
of RNA dependent RNA polymerase (RdRp) are error prone and consequence is that the 
replication of a template results in a swarm of sequence variants around a consensus 
sequence (Domingo and Holland, 1997). 
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Genetic variation is the major source of recombination in RNA virus. Extensive work has 
been carried out on the 3'-UTR in the bromoviruses. The 3'-UTR region can be exchanged 
between each RNA species (1, 2 and 3) and also be a hot spot for recombination in 
cucumovirus (Canto et al, 2001). Perhaps, fitness of host increased by recombinant RNAs, 
but this is not true in case of tobacco (Chen et al, 2002). Recombination at 3'-ends of 
RNA 3 shows homology with RNA 1 and 2, and may be preferential by secondary 
structure elements (Roossinck, 2002; Suzuki et al., 2003). The gene 3a signifies high 
sequence homology region, which was found hot spot for recombination (Aaziz and 
Tepfer, 1999). The 5'-UTR of CMV RNA 3 also mixed up in recombination events; may 
have played a role in the generation of the subgroup (Roossinck, et al, 1999). Conversely, 
there was no evidence of recombination within the coding regions of the three RNAs 
(Candressee^a/., 1997) 
Pseudo-recombination (re-assortment of genetic segments) is a possible mechanism of 
evolution of viruses with multipartite genomes. Re-assortments in case of cucumoviruses 
that exchange three genomic RNA species are obtained easily between isolates of a species 
and accumulate efficiently in experimental condition. Exchange in RNA 3 between 
different species is also the case for re-assortment (Palukaitis et al, 1992). The fate of a re-
assortment depends on the fitness. Phylogenetic analysis also revealed that re-assortment 
has played an important role in the origin of CMV strain and cucumovirus species 
(Roossinck, 2002; White et al, 1995).The recombination in the 3'-UTR region and 
between ORFs 3a and 3b have been shown to contribute to CMV evolution (Fraile et 
al,1997). Analysis of the genetic structure of virus populations may elucidate factors that 
determine virus evolution. This analysis has been reported only for one species of 
cucumovirus, CMV. On the basis of data analysis from different regions of the world 
showed that CMV populations may be highly diverse (Rodriguez-Alvarado et al, 1995; 
Gallitelli, 2000; Garcia-Arenal et al, 2000; Lin et al, 2003). Several studies on CMV 
population structure have been found that the genetic composition of the population varied 
significantly with the year of isolation and location (Fraile et al, 1997). A survey of CMV 
population showed no correlation of the CMV population structure with geographical 
region, collection date, or plant species (Lin et al, 2003). Above population structure 
differs from that of CMV satellite RNA reported from both in Italy and Spain (Alonso-
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Prados et ai, 1997; Grieco et al, 1997), showing different evolutionary dynamic for the 
helper virus and the satellite RNA (Palukaitis and Garcia-Arenal, 2003). The phylogenetic 
analysis indicated a naturally occurring reassortant between subgroup lA and IB isolates 
and potential reassortants between subgroup lA isolates, suggesting that genetic exchange 
by reassortment contributed to the evolution of the California CMV population (Lin et al, 
2004). Genetic bottlenecks may occur in virus populations when only a few individuals are 
transferred horizontally from one host to another, or when a viral population moves 
systemically from the infection site. Genetic bottlenecks during the systemic movement of 
an RNA plant virus population have been reported previously (Li and Roossinck, 2004). 
The experiments have been demonstrated that genetic variation in the artificial population 
of CMV is not reduced during the acquisition of the virus but is significantly reduced 
during the inoculation period (Ali et al, 2006). 
1.2.5. Synergism of CMV 
Interaction between two viruses resulting in a severe disease caused by infection with 
either virus is called as synergy. In this type of interaction, there is usually an increase in 
the accumulation of one of the interacting viruses. Various types of synergies have been 
shown in cucumoviruses. For example, cowpea stunt disease and severe mosaic disease of 
radish caused by CMV and Potyvirus group (BCMV and TuMV) have been shown to be 
involved together in the synergy (Pio-Ribeiro et al, 1978; Sano and Kojima, 1989). The 
cowpea varieties show no effect on the accumulation of BICMV but showing tolerance to 
disease symptoms. Co-infection by CMV overcome the tolerance and also showed a 
synergy of CMV accumulation (Anderson et al, 1992). This indicates that the tolerance to 
BICMV had no effect on the ability of CMV to induce a disease response. However, in this 
system, co-infection by both viruses of a cowpea variety with extreme resistance to 
BICMV neither broke the resistance to BICMV nor resulted in any synergy of CMV 
accumulation or disease. When TuMV and CMV simultaneously infected to radish, the 
synergism was shown to be due to TuMV, enhancing the systemic movement and 
accumulation of CMV, but did not affect the TuMV accumulation (Takeshita and 
Takanami, 2000). CMV also interacts synergistically with a number of viruses and 
resulting enhancement of infection by these viruses. 
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Synergy of CMV in tobacco by several viruses has been shown to correlate with an 
increase in CMV accumulation (Palukaitis and Kaplan, 1997). Co-infection of tobacco by 
CMV and TMV, Potato virus r(PVY) or PVX all stimulated CMV accumulation, whereas 
CMV only stimulated PVX accumulation (Palukaitis and Kaplan, 1997). Transgenic 
tobacco plants expressing the Pl/HC-Pro region of the potyvirus, TEV were able to 
enhance the accumulation and pathogenicity of CMV, although CMV satellite RNA 
replication was suppressed in this system (Pruss et al, 1997). This study suggested that the 
Pl/HC-Pro is responsible for synergistic interactions of potyviruses with CMV. 
Also the synergism between CMV and TMV may involve either more than one gene 
product of TMV or some intermediates associated with TMV replication. Pepper plants 
resistant to the Pepper mottle virus (PepMoV) if co-infected by CMV, the resistance is 
broken (Murphy and Kyle, 1995). The upward movement of PepMoV in the internal 
phloem was blocked in the resistant pepper plants (Andrianifahanana et al, 1997) whereas 
co-infection by CMV overcomes this resistance barrier, allowing the systemic movement 
of PepMoV in the phloem (Guerini and Murphy, 1999). In case of double infection with 
PPV (potyvirus) and CMV in N. benthamiana plants, the overcoming of barrier allows 
limited systemic movement of PPV. The breakage of resistance was not due merely to 
some function of the CMV 2 b protein alone, as expression of the CMV 2b protein from 
PPV did not overcome the resistance barrier (Saenz et al, 2002). CMV also has the ability 
to overcome transgenes mediated resistance. The tobacco plants showing RNA mediated 
resistance against PVY could be overcome by either co-inoculation or prior inoculation 
with CMV. This resistance breakage was shown to be associated with alleviation of gene 
silencing of the virus transgene (Mitter et al, 2001) and the CMV ability to overcome the 
resistance, essentially required expression of the 2b gene (Palukaitis and Garcia-Arenal, 
2003). 
CMV mediated synergy also have been found in cucurbit plants (Grafton-Cardwell et al, 
1996; Luis-Arteaga et al, 1998). Potyvirus ZYMV and CMV synergy was observed in 
cucumber (Poolpol and Inouye, 1986), melon and Zucchini squash (Wang et al, 2002). 
Above three hosts, indicated correlation with an increase in the level of CMV 
accumulation with synergy in pathogenicity along the little change in the level of ZYMV 
accumulation. Co-infection of ZYMV and CMV containing a satellite RNA did not 
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suppress satellite RNA accumulation (Wang et al, 2002), as in transgenic tobacco 
expressing the TEV Pl/HC-Pro infected by CMV containing satellite RNA (Pruss et al, 
1997). Co-infection of Zucchini squash with WMV and CMV increased CMV 
accumulation. In none of the aforementioned plants was there an increased in the level of 
the (-) RNA of CMV, but only of (+) CMV RNAs and capsid protein (Wang et al, 2002). 
Cucumber tolerant lines against CMV showed least accumulation of virus (CMV). 
However, infection of such tolerant lines by CMV and ZYMV, indicated synergy of 
infection, with breakage of resistance to CMV accumulation. An attenuated strain of 
ZYMV also showed the similar synergistic effect with CMV in CMV tolerant plants. The 
ZYMV attenuated strain has the ability to express the 2b gene of CMV which induced 
hypervirulence on cucumber and melon. Thus, ZYMV could overcome resistance to virus 
accumulation manifested against CMV, and the CMV-2b gene could overcome a tolerance 
phenotype conferred by the attenuated strain of ZYMV (Palukaitis and Garcia-Arenal, 
2003). This aforementioned resistance against CMV also inhibited accumulation of CMV 
RNA accumulation in the protoplasts, but only to a slight extent in protoplasts from a 
susceptible variety (Palukaitis and Garcia-Arenal, 2003). This is consistent with earlier 
conclusions that increase of CMV accumulation in a susceptible cucumber cultivar is a 
function of a synergistic interaction with ZYMV, were due to an increase in the number of 
cells infected, rather than as increase in the level of CMV per infected cell (Poolpol and 
Inouye, 1986). On the other hand, ZYMV mediated breakage resistance allowed for an 
increase in CMV accumulation in single cell, appears to operate by a mechanism distinct 
from that allowing further cell-to-cell and long distance movement. The resistance 
response in Zucchini squash specifically preventing the M strain of CMV from infecting 
this host systemically (Wong et al, 1999) could also be overcome by co-infection of 
CMV-M with ZYMV (Choi et al, 2002). The level of accumulation in systemic leaves of 
this host by CMV-M in the presence of ZYMV was similar to that of Fny-CMV alone, 
which is not restricted in the same host (Choi et al, 2002). This also indicates that synergy 
of accumulation did not occur in high levels when the synergistic interaction occurred in a 
plant species with a defined resistance to one of the viruses. Thus, there appears to be 
limits on the extent of synergy that are defined by the number of host responses involved 
in limiting infection. Mixed infections of Nicotiana benthamiana plants by CMV and 
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Tobacco necrosis virus (TNV) exhibit a synergistic interaction in terms of symptom 
enhancement. Accumulation of CMV (+) RNA as well as CP in mixed infection has been 
found considerably higher than that of singly-infected plants (Xi et al, 2007). 
1.2.6. Virus movement 
Various aspects related to virus movement have been ascertained and many complexities 
are still unknown. There include what host related factors are involved in cell-to-cell and 
long distance movement, along with the nature of the barriers to these mechanisms. 
Furthermore, numbers of inconsistencies have been foimd in studies on cucumovirus 
movement. 
1.2.6.1. Cell-to-cell movement 
The 3a protein is considered the major movement protein. However, all CMV encoded 
proteins have been shown to have some role in affecting movement. Major movement 
protein 3a is a transacting nature and facilitated the movement of all three genomic RNAs. 
Study on tobacco plants expressing the CMV 3a gene, containing a deleted 3a gene, 
allowed complementation of movement to occur, resulting in cell-to-cell and systemic 
movement (Kaplan et al., 1995; Saenz et al, 2000). Transgene expressed 3a protein also 
enhanced the rate of movement of wild-type CMV (Saenz et al, 2000). The major 
movement protein (3a), known to bind single stranded RNAs cooperatively and forms a 
complex that is believed to facilitate movement. This nucleoprotein complex probably 
seems to interact with plasmodesmata protein (host). This is evident by localization 
experiments (Li and Palukaitis, 1996; Blackman et al, 1998). This complex also either 
transports the RNA through the plasmodesmata or facilitate the movement of RNA but 
does not enter plasmodesmeta as the elongated complex visualized in in vitro studies 
(Nurkiyanova et al, 2001). CMV 3a mutants that affected the extent of cooperative 
binding did not affect virus movement, as long as the 3 a protein was still able to bind RNA 
efficiently (Li, 1995). This mutant exhibited reduction in RNA binding efficiency, but still 
bound RNA cooperatively, was able to traffic RNA from cell-to-cell (Li, 1995). 
The 3a protein forms, to be essential to promote movement. Nevertheless, the 3a protein 
was able to facilitate its on rapid movement from cell-to-cell (Ding et al, 1995a) and was 
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detected several cell ahead of those accumulating virus inoculated squash {Cucurbita 
pepo) cotyledons (Havelda and Maule, 2000). In tobacco, movement from epidermal cells 
to either other epidermal cells or mesophyll cells is affected by both the 2b protein and the 
3a protein (Canto and Palukaitis, 1999b; Soards et al, 2002). A number of 3a mutations 
were made to examine their effects on CMV movement (Li et al, 2001). 3a protein 
showed a very dramatic effect on cell-to-cell movement of virus, when amino acid change 
created within the central region, although three movement-defective mutants could be 
complemented for virus movement in tobacco expressing CMV 3a protein (Li et al, 2001). 
While this mutant (with Asn-191/Ty-192 both changed to alanine) was cis dominant for 
inhibition of the transport of its own RNA, it was not trans dominant for interference with 
the transport of heterologous CMV RNAs. This movement defective mutant 3a protein did 
not inhibit the movement of wild-type CMV (Palukaitis and Garcia-Arenal, 2003). This 
concludes that 3 a protein associated with viral RNA must be competent for all aspects of 
the movement process. The capsid protein also has a role in cell-to-cell movement. 
Removal of either (3a protein) did not affect the ability of the virus to replicate in 
protoplasts, but inhibited the movement of CMV in plants (Boccard and Baulcombe, 1993; 
Canto et al, 1997). CMV 3a shows strong sequence similarities to the 28 kDa movement 
protein of the Groundnut rosette virus (GRV), an Umbravirus (Taliansky et al, 1996). 
Replacement of CMV 3a movement protein by unrelated virus movement protein i.e. 
GRV, Tombusvirus Cymbidium ring spot virus (CymRSV), the chimeric virus could move 
cell-to-cell (Ryabov et al, 1999; Huppert et al, 2002). Moreover, neither removal of the 
CMV capsid protein gene nor replacement of the CP gene by the gene encoding the GFP in 
similar constructs prevented cell-to-cell movement by the hybrid virus (Huppert et al, 
2002). Thus, the capsid protein is essential for cell-to-cell movement of CMV, but capsid 
protein is not required for CMV containing the movement proteins (GRV 28 kDa 
movement protein and Cym RSV 22 kDa movement protein) for cell-to-cell movement. 
The 3 a movement protein and capsid protein of CMV interact with each other in some 
specific manner (Nagano et al, 1999). Deletion of the C-terminal 43 amino acid of the 3a 
protein virus movement was apparently unaffected (Kaplan et al, 1995), although, this 
type of effects was not exhibited within a strain (Nagano et al, 2001). All these finding 
suggested that, cucumovirus requires sequence specific compatibility of the 3a and capsid 
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protein. A model was proposed related to the 3 a protein and capsid protein interaction 
induces conformational changes in the movement protein and allow to cell-to-cell 
movement (Ryabov et al, 1999). In support of this model, expression of the C-terminal 33 
amino acid deleted from the 3a protein was shovm to be able to move cell-to-cell in the 
absence of CMV capsid protein (Nagano et al, 2001). However, such type deletion was 
not able to move long distance, confirming a separate role for capsid protein in cell- to-cell 
versus long distance movement. The 3 a protein expression level has some effect on the rate 
of virus movement (Kaplan et al, 1995; Saenz et al, 2000). The cuml and cum2 
(eukaryotic translation initiation factors 4E and 4G) mutations of Arabidopsis thaliana 
inhibit CMV multiplication. In cuml and cuml protoplasts, CMV RNA and the CP 
accumulated to wild-type levels, but the accumulation of the 3a protein of CMV, which is 
necessary for cell-to-cell movement of the virus, was strongly reduced compared with that 
in wild type protoplasts. The cuml and cum2 mutations had different effects on the action 
of these elements, suggesting that the cuml and cum2 mutations cause inefficient 
production of CMV 3a protein (Yoshii et al, 2004). 
1.2.6.2. Long distance movement 
CMV systemic movement has been shown to follow the path of photo-assimilation 
(Thompson and Garcia-Arenal, 1998). The systemic movement of CMV occurs only 
through the phloem in the form of virion (Palukaitis and Garcia-Arenal, 2003). However, 
viruses were not seen in plasmodesmeta, companion cells and sieve elements, but these 
contained abundant 3a protein (Blackman et al, 1998). A study on deletion of the capsid 
protein sequence proximal to the N-terminal basic arm had an effect on virus movement 
independent of effects on encapsidation, in a host specific manner (Kaplan et al, 1998; 
Schmitz and Rao, 1998). The cucumoviral capsid protein has host-specific determinants 
for systemic movement (Tahansky and Garcia-Arenal, 1995; Salanki et al, 1997; Huppert 
et al, 2002). The CMV capsid protein plays an important role or essential for long distance 
movement (Nagano et al, 2001). However, transgenically expressed capsid protein was 
not sufficient to overcome this requirement (Palukaitis and Garcia-Arenal, 2003). Capsid 
protein and 3a protein appear to have different roles in movement between cell types 
during the systemic infection by CMV (Ryabov et al, 1999). A temperature sensitive 
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mutant of 3a protein exhibited the affected cell-to-cell movement (Li et al, 2001). This 
concludes that the same 3 a protein must be able to function in the various roles required 
for cell-to-cell and long distance movement. Long distance movement appeared to be 
much more efficient in some hosts of the capsid protein could form virions, and long 
distance movement needs various many hosts (Kaplan et al, 1998; Suzuki et al, 1995). 
Long distance movement did not occur in constructs expressing GFP, even when they 
expressed both capsid protein and 3 a protein, for reasons that are not understood (Canto et 
al, 1997). 
1.2.7. Coat protein (CP) structure and its role in transmission 
Structural studies of CMV have shown that it bears a remarkable similarity to CCMV 
(Wikoff ef al, 1997). Especially since there is a high resolution structure available for the 
latter (Speir et al, 1995). Both these groups are concerned with the family Bromoviridae, 
although the bromoviruses are transmitted by beetles, not by aphids (Van Regenmortel, 
1999). In developing mechanistic models underlying the process of CMV transmission, 
knowledge of the structure and surface architecture of the virus would be extraordinarily 
useful. Of particular significance in this regard is the fact that the primary amino acid 
sequences of cucumoviruses and bromoviruses can be aligned (Wikoff et al, 1997). This 
allows one to predict, based on the CCMV structure, regions of the CMV CP that are 
exposed on the surface of virions and available for interactions with the aphid vector. 
Based on the alignment of the viral CP sequences and independent secondary structure 
prediction analysis, one can be fairly confident about the overall for of the CMV CP and 
intervening loops. Using this model, one can predict the location of amino acid position 
129 and 162, which have been shown to influence transmission. Position 129 is located in 
the E-F loop and is predicated to be on the surface of virions, whereas 162 are clearly 
buried in the field structure (Wikoff e/ al, 1997). 
A working model for nonpresistant transmission of plant viruses by aphids can be 
envisioned as follows: (1) virions are taken up and bind in the maxillary food canal or else 
where in the distal portion of the feeding apparatus; (2) virions are retained in an infections 
state for the time it takes a vector to migrate onto an uninfected plant; and (3) virions are 
released from adsorbed sites during feeding and delivered to the suite of infection. A large 
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body of experimental evidence supports this model and has been reviewed (Pirone, 1991). 
The transmission phenotype of CMV appears to be quite stable, as spontaneous mutants 
defective in transmission are relatively rare (Ng and Perry, 1999). There are only four 
described mutants, CMV-M (Mossop and Francki, 1977); CMV-2AL-MT-60x (Ng and 
Perry, 1999), CMV-C (Rodriguez, 1993) and mutant (Badami, 1958). The nature of the 
defect has been thoroughly characterized at the molecular level for only two of these 
strains. The CMV-M mutant was shown differ from an efficiently transmitted wild type 
strain at eight CP amino acid position (Owen et al, 1990; Shintaku, 1991). Of these 
positions 129 and 162 were important in determining transmissibility by the aphid A. 
gossypii (Perry et al, 1994). Interestingly, a restoration of CMV-M transmission by M 
persicae required additional amino acid modification. Thus, molecular determinants for 
differential transmission by two species of aphids were established. The CP of the second 
fully characterized mutant, CMV-2Al-MT-60x, differs from its parental virus at only a 
single amino acid position. Remarkably, this change was the some alanine to threonine 
change at position 162 as was observed in CMV-M, even though these mutants were 
isolated decades apart (Perry, 2000). 
1.3. Development of virus-free plants through tissue culture 
After domestication of plants one of the major obstacles to crop productivity has been the 
occurrence of viral diseases. Most crop plants, especially those propagated by vegetative 
means such as Gladiolus are known to be attacked by viruses and phytoplasma which 
make essential to replace the mother plants every year. Virus infection does not always 
lead to the death of the infected plants and sometimes viruses may not even show visible 
symptoms. However, the presence of viruses in plants can reduce the yield and quality of 
crops (Aminuddin et al, 2004). Over the years, effective control measures were developed 
against most of the diseases except those caused by viruses. Viral diseases are present in 
virtually most of the seed and vegetatively propagated food as well as ornamental crops, 
involving serious yield losses. These diseases in vegetatively propagated ornamental crops 
warrant special attention because of the rapidity with which these diseases spread to the 
propagated (clonally propagated or multiplied) plants. In vegetatively propagated 
ornamental cut flowers i.e. Amaryllis, Gladiolus, Narcissus, Tuberose etc., once a plant is 
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systematically infected with a virus at some or the other stage, the contaminant passes from 
one vegetative generation to the other. The entire population of a given clonal variety may 
be infected with the same virus. Plants infected with latent viruses are hardly detectable, 
but the yield and or quality of the crop decreases gradually over generations. These yield 
losses can be only measured by comparing the virus-free plants with infected ones and 
detection of these pathogens by developing sensitive (immunological and molecular-based) 
detection techniques. 
1.3.1. Scope of virus-free plants 
There are two approaches to the application of the technique. First, virus-free plants may 
provide material by which the affects of viruses can be studied, and secondly, it paves the 
way for the commercial production of virus-free plants. There is no practical method of 
determining the losses in quality and yield due to viral infection except comparing them 
with healthy (virus-free) plants. Wang and Hu (1980) reported that virus-free potato tubers 
have been used for comparison with those harvested from the farmer's seed stock. It has 
been reported that virus free Narcissus tazetta bulks grow rapidly and display greater 
vigour than the ordinary stock. The flowers are larger and rich in colour than those 
obtained from infected bulks (Stone, 1973). An increase of 60-90% in the yield of rhubarb 
in Britain from a virus-free stock compared with virus infected plants was reported by 
Walkey and Cooper (1972). The rhubarb plants derived from shoot tip cultures were more 
vigorous than the untreated plants. They produced 20-30% more cuttings with superior 
rooting capacity and the total plant production increased about 35 percent. An increase in 
yield up to 30% have been reported following replacement of virus infected stock with 
specific pathogen-free plants (Aminuddin et al., 2001). In contrast to plants infected with 
bacteria and fungi which respond to treatments with bactericidal and fungicidal 
compounds, there is no commercially available treatment to cure virus infected plants or to 
reduce their stress conditions. 
1.3.2. Chemotherapy based methods for production of virus-free plants 
1.3.2.1. Chemotherapy 
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In vegetatively propagated ornamental crops, the propagating material of infected plants is 
generally fully infected. The viruses are more constant and persistent. A large number of 
chemicals like antibiotics, plant growth regulators, amino acids, purine and pyrimidine 
analogues have been tested for inhibition of virus multiplication in tissue culture with some 
success. Chemotherapy control measures have been applied only to systemically infected 
plants (Aminuddin et al, 2003). However, the compounds tested for virus eradication in 
cultured tissues so far, the nucleotide analogue ribavirin has been found to be the most 
efficient virus inhibiting compound (Verma et al, 2004; Sharma et al, 2007; Paunovic et 
al, 2007). 
1.3.2.2. Ribavirin 
Ribavirin (virazole, l-P-D-ribofiiranosyl-l, 2, 4-triazole-3-carboxamide) was the first 
compoxmd developed specifically for the inhibition of virus replication. Ribavirin has 
proved to be one of the most potent antiviral substances. It inhibits the replication of a 
great number of RNA and DNA viruses (Huffman et al, 1973). Virazole has been found to 
be effective against at least 20 plant viruses (Aminuddin and Singh, 1985; Aminuddin et 
al, 1986; 1988). Approximately 1000 ppm ribavirin is needed to inhibit local lesion 
development and prevent infection of susceptible viruses such as PVX and Clover leaf spot 
virus (CLSV). Virus-free shoot tips can be obtained from infected herbaceous plants by 
repeated foliar treatment with 100 to 500 ppm or by incorporation of 5 ^ig/ml ribavirin into 
the nutrient medium of detached infected shoots (Hansen and Lane, 1985). Addition of 
virazole at 60 and 100 ppm resulted in the production of virus-free tobacco plants of 
Petunia mosaic virus, Dorotheanthus yellow spot viruse and a virus causing chlorotic stunt 
in gerbera (Aminuddin and Singh, 1985; Aminuddin et al., 1986, 1988). In callus cultures, 
PVX was not inhibited by 100 ppm ribavirin in the medium. However, at the onset of 
callus differentiation, 10 ppm was enough to prevent virus spread into 90% of the 
developing shoots. Similarly, CMV could not be eliminated from callus cultures by 
incorporation of ribavirin into the medium (Aminuddin et al, 2001). However, meristem 
cultures on the same medium after 127 days result the production of virus-free plants 
(Simpkinse/a/., 1981). 
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Cfiapter-II 
2. Materials and Methods 
2.1. Materials 
2.1.1. Experimental animal 
New Zealand albino rabbit was procured from the Central Drug Research Institute (CDRI), 
Lucknow. The rabbit was kept in NBRJ animal house and after acclimatization used for 
production of polyclonal antiserum. 
2.1.2. Plant virus isolates and their host species for propagation 
Virus isolates used in the study are listed as follows. Plants used for propagation of virus 
isolates were grown at 25°C in a glass-house. The virus infection was confirmed by 
visualization of symptoms or EIBA. 
Isolates Host plants 
PO-GLLKO Viciafaha 
CMV-GLLKO Nicotiana rustica 
2.1.3 E. coli strains 
DH5a F~ gyrA.96 (Nar) recKX relAl endAl thi-\ hsdRX7 (rk'mk^) glrNAA deoR 
A{lacZYA-argF)U\69 [(p80dA(/acZ)M15 ] 
JM109 F' traD36proA'B^ lad"* A(lacZ)M\5 I el4~(McrA") A{lac-proAB) endAl 
gyrA96 (Nal') thi-l hsdRM (rk"mk+) glriV44 relAX recAl 
2.1.4. Special laboratory instruments and materials 
2.1.4.1. Instruments 
Instruments Made 
Heraeus B 6200 bacterial incubator 
Bacterial shaker Innova 4330 
Electrophoresis unit, Bio-Rad Mini-Protean II 
ABI PRISM 373DNA Sequencer 
Heraeus, Hanau, Germany 
New Brunswick Scientific, USA 
Bio-Rad, Richmond, USA 
Applied Biosystems, USA 
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Electrophoresis power supply EPS600 
Gel documentation system 
Heat block 
Horizontal electrophoresis unit 
Phosphoimager 
pH meter 
Scale 
Spectrophotometer 
PCR machine PE 9600 
Vortex Genie-2 
Water bath 
Hybridization oven 
Ultra centrifuge Beckman L7-65 
Amersham Pharmacia, USA 
Bio-Rad, Richmond, USA 
Genie, Bangalore, India 
Genie, Bangalore, India 
Bio-Rad, Richmond,USA 
ECL, India 
Sartorius, Germany 
Shimadzu, Japan 
Perkin-Elmer, USA 
Scientific Industries, Canada 
LKB Broma, Sweden 
Amersham Pharmacia, USA 
Beckman Coulter Inc., USA 
2.1.4.2. Chemical reagents and general materials. 
Chemicals reagents Purchased from 
Acrylamide (C3H5NO) 
Agar(Ci2Hi809)„ 
Agarose, Ultra pure 
Ammonium acetate(CH3.COOK.NH4) 
Ammonium persulfate (APS) (NH4)2S208 
Ammonium sulfate (NH4SO4) 
Ampicillin (Ci6H,8N304SNa) 
Acetic acid glacial (CH3.COOH) 
Bovine hemoglobin 
Bovine serum albumin (BSA) 
Boric acid (H3BO3) 
Bromophenol blue (Ci9HioBr405S) 
BCIP (C8H6N04BrCIP x C7H9N) 
n-Butyl alcohol {(CH3.(CH2)3.0H} 
Sigma Chemical Co. USA 
HiMedia, Mumbai, India 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Qualigens, Mumbai, India 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Merck, Mumbai, India 
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% ^ iL> 
Cesium chloride (CsCl) 
Cesium sulphate (CS2SO4) 
Calcium chloride (CaCl 2) 
Chloroform (CHCI3) 
Coomassie brilliant blue G-250 (Ci4H48N307S2Na) 
Diethylthiocarbamic acid (DIECA) 
Diethyl pyrocarbonate (DEPC) {0(COOC2H5)2} 
dNTPs 
Dialysis tubing 
[ a-^ ^ P]dCTP 
Dimethyl Sulphoxide (DMSO) (CH3.SO.CH3) 
DTT (C4H10O2S2) 
Ethanol (C2H5OH) 
Ethidium bromide (C2iH2oBrN3) 
Formaldehyde (HCHO) 
Formamide (HCONH2) 
Formic acid (HCOOH) 
Ficoll-400 
Glycerol (CH2OH.CHOH.CH2OH) 
Glycine (C2H5NO2) 
HDTMA (Ci9H22BrN) 
Hydrochloric acid (HCl) 
Hybond-NX nylon membrane 
IPTG (C9H18O5S) 
Iso-amyl alcohol {(CH3)2CHCH2CH20H} 
Iso-propyl alcohol {(CH3)2.CHOH} 
Kanamycin (C18H36N4O11.H2SO4) 
Kinetin (Kn) (C10H9N5O) 
Methanol (CH3OH) 
MOPS (C7H15NO4S) 
p-Mercaptoethanol (HS.CH2CH2OH) 
Sigma Chemical Co. USA 
Sigma Chemical co. USA 
Sigma Chemical Co. USA 
Merck, Mumbai, India 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Fermentas GMBH, Germany 
Sigma Chemical Co. USA 
BARC, Mumbai, India 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Merck, Mumbai, India 
Sigma Chemical Co. USA 
Qualigens, Mumbai, India 
HiMedia, Mumbai, India 
Qualigens, Mumbai, India 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Qualigens, Mumbai, India 
Amersham Pharmacia, USA 
Sigma Chemical Co. USA 
Qualigens, Mumbai, India 
Merck, Mumbai, India 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Qualigens, Mumbai, India 
Sigma Chemical Co. USA 
Sigma, Chemical Co. USA 
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N,N'-Bisacrylamide (C10H16N2O2S2) 
NBT (C4oOH3oNio06C,2) 
a-naphthalene acetic acid (NAA) (C12H9O2K) 
TEMED (C6H16N2) 
Nitrocellulose membrane 
Phenol (CeHsOH) 
Phenol/Chloroform (TE saturated) 
Polyethylene glycol (PEG) 
Potassium acetate (CH3.COOK) 
Potassium chloride (KCl) 
Potassium dihydrogen phosphate (KH2PO4) 
Phosphoric acid (H3PO4) 
p-nitro-phenyl phosphate (pNPP) (C6H4NO6P.6H2O) 
Polyvinylpyrrolidone (CeHgNO) 
SDS {CH3(CH2)iiOS03Na} 
Sepharose 
Sodium acetate (CH3C00Na) 
Sodium azide (NaN3) 
Sodium bicarbonate (NaHC03) 
Sodium citrate {HOC(COONa)(CH2COOH)2} 
Sodium dihydrogen phosphate (NaH 2 P04) 
Sodium hydrogen phosphate (NaHP04) 
Sodium hydroxide (NaOH) 
Sucrose (Ultra pure) (C12H22O11) 
Triton-XlOO {t-Oct-C6H4-(OCH2CH2)xOH X:9-10} 
Tryptone 
Tween-20 
Tetracycline (C22H24N2O8) 
Thioglycolic acid (C9H8O2S2) 
Tris- hydroxymethyl methylamine {NH2.C(CH20H)3} 
Uranyl acetate 
Sigma, Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sartorius, Germany 
Merck ,Mumbai, India 
Qualigens, Mumbai, India 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Qualigens, Mumbai, India 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Qualigens, Mumbai, India 
Amersham Pharmacia, USA 
Sigma Chemical Co. USA 
Merck ,Mumbai, India 
Sigma Chemical Co. USA 
HiMedia, Mumbai, India 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
HiMedia, Mumbai, India 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
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Virazole (Ribavirin) (C8H12N4O5) 
Whatman No.3 Paper 
X-gal(Ci4Hi5BrClN06) 
X-ray film 
Xylene cyanol (C25H27N206S2Na) 
Yeast extract 
Sigma Chemical Co. USA 
Whatman, Inc. LTD., U.K. 
Sigma Chemical Co. USA 
FUJI FILM Inc. USA 
Sigma Chemical Co. USA 
HiMedia, Mumbai, India 
2.1.5. Plasmid cloning vectors 
pBluescript SK ^ 
pGEM-T 
pDrive 
pTZ57R/T 
Amp ^ (Stratagene, Amsterdam Zuidoost) 
Amp ^  (Promega, Madison WI, USA) 
Amp' and Kan ^ (Qiagen Inc. USA) 
Amp' (Fermentas GMBH, Germany) 
2.1.6. Primers 
Primers and oligonucleotides used in the molecular cloning and sequencing are listed in the 
following Tables. All HPLC purified oligonucleotides were synthesized at Operon 
Biotechnologies GmbH (Amersham Biosciences), Germany; Integrated DNA Technologies, 
Inc. Coralville, USA; Sigma Genosys and Genie, Bangalore, India. 
Name Nucleotide sequence (5'—^3') Purpose Reference 
DP89 GGGATCCTTTTTTTTTTTTTT T 
PI TTGAATCTGAACTGAAGTATT 
3'-UTR 
BYMV 
HC-Pro 
BYMV 
PII CTCCTTTCTACAAAATGGACA P3 B Y M V 
U 341 CCGGGATTCATGRTITGGTQYATIGAIAAYGG CP B Y M V 
D 341 CGCGGATCCGCIGYYTTCATYTGIRIIWKIGC CP B Y M V 
S-Primer GGNAAYAAYAGYGGNCAKCC Nib BYMV 
Dijkstra and Jager (1998) 
Vunsh e/a/. (1990) 
Langevelde/a/.(199I) 
Chen era/. (2001) 
52 
BR2 
BRMU 
BRMD 
M13f 
M13r 
SP6 
T7 
AGAAACTGGGAGGACCCC 
ATGGCTTTCCAAGGTACCAGT 
CTAAAGACCGTTAAC 
GTAAAACGACGGCCAGT 
AACAGCTATGACCATG 
ATTTAGGTGACACTATAG 
TAATACGACTCACTATAGGG 
CPCMV 
MPCMV 
MPCMV 
Sequencing 
Sequencing 
Sequencing 
Sequencing 
Self designed 
Universal 
Universal 
2.1.7. Enzymes 
Taq polymerase 
RT (MuLV and AMV) 
RNasin 
Lysozyme 
RNase A 
Restriction enzymes 
Endoproteinase Lys-C 
DNase I 
Fermentas GMBH, Germany 
Amersham Pharmacia, USA 
Amersham Pharmacia, USA 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA and Fermentas GMBH, Germany 
N E B Inc. U.K. and Fermentas GMBH, Germany 
Sigma Chemical Co. USA 
Sigma Chemical Co. USA 
2.1.8. Antibodies and conjugates 
Anti-alkaline phosphatase conjugate 
CMV polyclonal antiserum PYAS-24 2a 
Potyvirus polyclonal antiserum 
Sigma Chemical Co. USA 
ATCC, USA 
NBRI, Aminuddin et a/. (1999) 
2.1.9. DNA and protein molecular weight markers 
pUC19 XmPJMsp\{Hpa II) 
<^X\lAIBsuRl{Haem) 
Lambda XMAIEcoR l+Hind III 
Prestained protein molecular weight marker 
Fermentas GMBH, Germany 
Fermentas GMBH, Germany 
Fermentas GMBH, Germany 
Fermentas GMBH, Germany 
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Medium range molecular weight protein marker Genie, Bangalore, India 
Low range molecular weight protein marker Sigma Chemical Co. USA 
2.1.10. Other reagents and kits 
Random primer labeling kit Genie, Bangalore, India 
PCR product cloning kits Qiagen Inc. USA., Fermentas GMBH, Germany., 
Promega, USA and Amersham Pharmacia,USA 
GFX columns Amersham Pharmacia, USA 
DNA extraction kit Fermentas GMBH, Germany, Qiagen Inc. USA. 
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2.1.11.1. Growth media 
LB medium 
Tryptone 
Yeast extract 
NaCl 
H2O 
Adjust pH to 7.0. 
Low salt LB medium 
Tryptone 
Yeast extract 
NaCl 
H2O 
Adjust pH to 7.0 
Terrific broth (TB) medium 
Tryptone 
Yeast extract 
Glycerol 
Add H2O 
per liter 
lOg 
5g 
lOg 
to 1 liter 
Final IX 
1.0% (w/v) 
0.5% (w/v) 
1.0% (w/v) 
lOg 
5g 
5g 
to 1 liter 
1.0% (w/v) 
0.5% (w/v) 
0.5% (w/v) 
12g 
24g 
4ml 
to 900ml 
Autoclave, cool to 60°C or less before adding 100ml of filter sterilized lOX 
(0.17M KH2PO4, 0.72M K2HPO4). 
SOB medium 
Tryptone 20g 
Yeast extract 5g 
NaCl 0.5g 
250mM KCl 10ml 
H2O to 900ml 
Autoclave, cool to room temperature and add 10ml of sterile 
solution of IM MgCb before use. 
SOC medium 
SOB Medium (1 liter) with the addition of 20ml filter sterilized IM glucose 
1.2%(w/v) 
2.4% (w/v) 
0.4% (w/v) 
TB phosphate 
2.0% (w/v) 
0.5% (w/v) 
0.05% (w/v) 
2.5mM 
I 
lOmM 
<> 
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Additives 
Antibiotics 
Ampicillin 
Tetracycline 
Kanamycin 
Galactosides 
X-Gal 
IPTG 
Media containing agar or agarose 
Agar (for plates) 
Agar (for top agar) 
Agarose (for plates) 
Agarose (for top agarose) 
2.1.11.2. Stock solutions 
lOM Ammonium acetate 
Ammonium acetate 
H2O 
IM CaCh 
CaCl2.6H20 
H2O 
lOOX Denhardt solution 
Ficoll-400 
Polyvinylpyrrolidone 
BSA 
H2O 
Filter sterilize and store at -20°C in 25ml aliquots 
IMDTT 
DTT 
H2O 
50^g/ml 
12|j,g/ml 
30^g/ml 
20|ag/ml 
0.1 mM 
15g 
7g 
15g 
7g 
385.4g 
to 500ml 
219.1g 
to 1 liter 
lOg 
lOg 
lOg 
to 500ml 
15.45g 
to 100ml 
1.5% (w/v) 
0.7% (w/v) 
1.5% (w/v) 
0.7% (w/v) 
0.02% (w/v) 
0.02% (w/v) 
0.02% (w/v) 
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Store at -20°C 
0.5 M EDTA (pH 8.0) 
Na2EDTA.2H20 
H2O 
Adjust pH to 8.0 with lOM NaOH (~50ml) 
H2O 
10 mg/ml Ethidium bromide 
Ethidium bromide 
H2O 
Mix well and store at 4°C in dark. 
IMKCl 
KCl 
H2O 
IMMgCh 
MgCl2.6H20 
H2O 
IM MgS04 
MgS04.7H20 
H2O 
5M NaCl 
NaCl 
H2O 
lOM NaOH 
NaOH 
H2O 
IM Tris-HCl 
Tris base 
H2O 
Adjust to desired pH with concentrated HCl. 
H2O 
186.1g 
700ml 
to 1 liter 
0.2g 
to 20ml 
74.6g 
to 1 liter 
20.3g 
to 100ml 
24.6g 
to 100ml 
292.2g 
to 1 liter 
400g 
to 1 liter 
121.Ig 
to 800ml 
Mix and add to 1 liter 
r 
. ; 
i 
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3M Sodium acetate (pH 5.2 or 7.0) 
CHsCOONa. 3H2O 408. Ig 
H2O to 800ml 
Adjust the pH to 7.0 with acetic acid or adjust the pH to 5.2 with glacial acetic acid 
H2O to 1 liter 
2.1.11.3. Buffers 
lOX Stock Phosphate-buffered Saline 
NaCl 
KCl 
Na2HP04 
KH2PO4 
H2O 
Adjust pH to 7.0 with 1M HCI 
H2O 
20X SSC 
NaCl 
Naacitrate. H20 
H2O 
Adjust pH to 7.0 with IM HCI 
H2O 
20X SSPE 
NaCl 
NaH2P04H20 
Na2EDTA 
H2O 
Adjust pH to 7.4 with lOM NaOH 
H2O 
(PBS) 
5X Tris-glycine, native electrophoresis buffer 
Tris base 
Glycine 
, 
80.0g 
2.0g 
14.4g 
2.7g 
to 800ml 
to 1 liter 
175.3g 
88.2g 
to 800ml 
to 1 liter 
175.3g 
27.6g 
7.4g 
to 800ml 
to 1 liter 
15.1g 
72.0g 
137mM 
2.7mM 
lOOmM 
2mM 
1 
150mM 
15mM 
50mM 
lOmM 
lOmM 
•;.ff 
25mM 
192mM 
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H20 to 1 liter 
The pH of diluted solution is pH 8.3. 
5X Tris-glycine-SDS electrophoresis buffer 
Tris base 
Glycine 
SDS 
H2O 
The pH of diluted solution is pH 8.3. 
SOX TAE (Tris-acetate-EDTA) electrophoresis buffer 
Tris base 
Glacial acetic acid 
0.5M EDTA (pH 8.0) 
H2O 
The pH of diluted solution is -8.5 
lOX TBE (Tris-borate-EDTA) electrophoresis buffer 
Tris base 
Boric acid 
0.5M EDTA (pH 8.0) 
H2O 
lOX TPE (Tris-phosphate-EDTA) electrophoresis buffer 
Tris base 
Phosphoric acid (85%) 
0.5M EDTA (pH 8.0) 
H2O 
IE (Tris-EDTA) Buffer, pH 7.4, 7.6 or 8.0 
lMTris,pH7.4, 7.6, 8.0 
0.5M EDTA (pH 8.0) 
H2O 
15.1g 
72.0g 
5.0g 
to 1 liter 
242g 
57.1ml 
100ml 
to 1 liter 
108g 
55g 
40ml 
to 1 liter 
108g 
15.5ml 
40ml 
to 1 liter 
10ml 
2ml 
to 1 liter 
25mM 
192mM 
0.1% (w/v) 
40mM 
20mM 
2mM 
90mM 
90mM 
2mM 
I 
90mM 
23mM 
2mM 
m 
lOmM 
ImM 
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2.2. Methods 
2.2.1. Plant inoculation 
Infected plant material was placed in a pre-cooled mortar and homogenized in 0.02M 
phosphate buffer at 1:10 (w/v) ratio. This suspension was rubbed with fore-finger onto plant 
leaves which had previously been dusted with carborundum powder (600 mesh). Following 
inoculation, the plants were rinsed with tap water and put in the green house. 
2.2.2. Electron microscopy 
The electron microscopy of purified virus preparation was carried out using standard method 
as described by Aminuddin et al. (1999). A carbon coated grid was floated on a drop of 
purified virus suspension for 10 min and washed with 1 ml of phosphate buffer (pH 7.0 
containing ImM EDTA). The virus particles were negatively stained by floating the grid on 
a drop of uranyl acetate (2%, pH 4.2) for 50 sec. The excess stain was soaked away on a 
piece of filter paper and the grid was air died. The grid was observed in transmission 
electron microscope (TEM) and photographed. The electron microscopy of purified virus 
preparation was carried out by using negative staining with uranyl acetate (2 %, pH 4.2). 
2.2.3. Determination of molecular weight of capsid protein subunit 
Molecular weight of coat protein subunits were determined by SDS-PAGE. Purified virus 
was disrupted in equal volume of SDS gel-loading buffer (50mM Tris.HCl, pH 6.8; lOOmM 
DTT; 2% SDS; 0.1% bromophenol blue; 10% glycerol) boiled for 5 min for denaturation 
and immediately chilled on ice. The denatured virus coat protein was separated by SDS-
PAGE in 12% polyacrylamide gels at pH 8.8 using Tris-glycine electrophoresis buffer 
(25mM Tris; 250mM Glycine; 0.1% SDS; pH 8.3) along with medium range prestained 
protein markers for comparison of viral coat protein in a Bio-Rad minigel system and 
stained with Coomassie Brilliant Blue R-250 and destained (5% methanol, 7% acetic acid). 
2.2.4. Eletroimmunoblot assay (EIBA) 
Total protein of lOOmg infected leaves (naturally infected or mechanically inoculated) were 
extracted by grinding them in a mortar and pestle with liquid nitrogen followed by adding 
equal volume of protein extraction buffer (lOOmM potassium phosphate buffer, pH 7.8; 
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ImM EDTA; 1% Triton X-100; 10% Glycerol; ImM DTT). The leaf extracts were 
separated from the remaining leaf debris following centrifugation at 13,000g for 5 min at 
4°C. On the other hand, purified virus was directly subjected to denaturation. The purified 
virus and extracted plant proteins were disrupted in equal volume of SDS gel-loading buffer 
(2.2.3). Protein samples were placed in boiling water for 5 min for denaturation and 
immediately chilled on ice. The separation of the proteins was carried out on a SDS 12% 
polyacrylamide gel in a Bio-Rad minigel system. The proteins were transferred from the gel 
to a NC membrane using electroblotting with a transfer buffer (0.02M Tris; 0.15M glycine; 
0.01% SDS; 20% methanol). The membrane was incubated in blocking buffer (1% dry milk; 
0.5% BSA in TBS) for 90 min, washed once in TBS-T and incubated at 4*^ C for 2 h with 
plant virus specific antibodies (2.1.8, 3.2.5 and 3.2.7). The blot was then washed four times 
in TBS-T before being incubated in a 1:3,000 dilution of alkaline phosphatase-labeled goat 
anti-rabbit antibody for 2 h, followed by three washes of lOmin each in TBS-T and a 10 min 
incubation in substrate buffer (O.IM Tris, pH 9.5; O.IM NaCl; 5mM MgC^) containing 175 
mg/ml BCIP and 350 mg/ml NBT. 
2.2.5. Isolation of RNA from purified virus 
RNA was extracted by disrupting the purified virus particles by vortexing for 20 sec in 
presence of 1% SDS. The homogenate extracted with equal volume of phenol-chloroform 
and aqueous phase was precipitated with two volumes of ethanol and one-tenth volume of 
3M sodium acetate at -70''C for 30 min. The mixture was centrifiiged at 10,000 rpm for 15 
min; the pellet was dried and dissolved in 100 [il DEPC-treated water. The concentration of 
RNA was measured by taking OD at 260 nm. The sample was stored under 2.5 volumes of 
ethanol at -80°C. 
2.2.6. Isolation of RNA from tissues 
Total RNA was extracted from 75 mg fresh leaf tissues as described by Singh et al. (2002). 
Briefly, tissue was frozen in liquid nitrogen and ground to a fine powder. To this, 0.5ml 
extraction buffer (IM Tris.HCl; 2.5mM MgCb; DNasel, 6u) was added, homogenized and 
incubated at 37°C for 20-25 min. The homogenate was mixed with phenol: chloroform: iso-
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amyl alcohol (25:24:1) and centrifuged at 14,000 rpm for 6 min. The aqueous phase was 
precipitated with an equal volume of isopropanol and 1/10''^  volume of 3M sodium acetate 
(pH 5.2) and kept overnight at -20^C. The pelleting of RNA was carried out at 14,000 rpm 
(4°C) for 15 min. The pellet was washed with 70% ethanol; vacuum dried and dissolved in 
50 ^1 RNase-free DEPC treated water. The concentration was measured and the preparation 
was stored in ethanol at -80°C. 
2.2.7. Reverse transcription polymerase chain reaction ((RT- PCR) of virus genes 
For synthesis of cDNA, total RNA (2 (xg) was denatured at 95°C for 5 min with 25 pmol 
down stream primer in a total volume of 10 fxl and subsequently cooled down on ice to avoid 
renaturation. The reverse transcription reaction was carried out by incubation at 42°C for 45-
60 min with the following components: 
5 X AMV buffer 8.0 ^1 
dNTPs (2 mM) 2.0 ^1 
AMV Reverse transcriptase (20 u/|a,l) 1.0 |j,l 
RNasin (20 u/^il) 1.0 [il 
JH2O 18.0^1 
Total 40.0^1 
cDNA 2.0|il 
10 X PCR buffer 2.5^1 
MgCl2(25mM) 1.5|il 
dNTPs (2 mM) l.O i^I 
Forward primer (25 pmol) 1.0|xl 
Reverse primer (25 pmol) 1 .Oixl 
Taq DNA-Polymerase (3 u/\il) 1 .0|J,1 
H2O 15.0^1 
Total 25.0^1 
«r 
PCR was carried out in Gene Amp PE9600, Perkin-Elmer using appropriate cycles and 
conditions mentioned in specific respective chapters. 
2.2.8. Agarose-gel electrophoresis of PCR amplified genes ' 
DNA was separated using 0.8 to 2.0% (w/v) agarose gels in TAB buffer (2.1.11.3) 
containing ethidium bromide (0.2 |xg/ml) (2.1.11.2) with 4 V/cm and examined by UV light 
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at 254 nm, using a transilluminator. Gels were documented, analyzed and photographed to 
record results. 
2.2.9. Isolation of PCR amplicons from agarose (QIAEX II agarose gel extraction 
protocol) 
PCR were recovered from agarose gel using QIAEX II agarose gel extraction Kit (2.1.10). 
This protocol was designed for the extraction of 40 bp to 50 kb DNA fragments from 0.3-
2% standard agarose gels in TAE or TBE buffer. DNA molecules were adsorbed to QIAEX 
II silica particles in presence of high salts. All non-nucleic acid impurities such as agarose, 
proteins, salts, and ethidium bromide were removed during washing steps. The desired 
amplicons were excised from the agarose gel under UV light. The gel slice was weighed and 
added with 3 volumes of Buffer QG to 1 volume of gel and added the 10 |j,l of QIAEX II 
buffer. The mixture was incubated at 50°C for 10 min to solubilize the agarose and binding 
of DNA. The mixture was vortexed every 2 min and centrifuged for 30 sec. The supernatant 
was carefully removed with a pipette. The pellet thus obtained was washed with 500 ^1 QG 
Buffer and then twice wdth 750 \i\ PE Buffer. The pellet containing DNA was air-dried 
eluted in lOmM Tris-HCl and dissolved after vortexing. The preparation was incubated at 
50°C for 5 min and centrifuged for 30 sec. The supernatant was carefully pipetted out in a 
clean microfuge tube. 
2.2.10. Ligation of the virus genes in plasmid cloning vector 
Ligation reaction was performed using vector: amplicon in the ratio of 1:3 as per following 
procedure (2.1.10). The ligation mixture was centrifuged and incubated overnight at 4°C. 
Recipe for ligation mix 
Reagents Volume required (^ 1) 
/ / ^ ^ Vector. 1.0 
2 X ligation buffer 5.0 ' \tutrt 
Amplicon 3.0 
Nuclease fi-ee water 1.0 
Total lO.O 1^ 
» * / V * ^ 
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2.2.11. Preparation of competent cells (CaCb method) of host strains 
The single colony of host strain (2.1.3) was inoculated in Sml LB medium and incubated at 
37°C with continuous shaking. After 16 h, 1ml of the pre-culture was inoculated in 100 ml 
fresh medium and incubated at 37°C until OD of culture reaches between 0.2 and 0.3 at 600 
nm. The culture was kept on ice for at least 15 min at 4°C in pre-cooled sterile tubes. The 
cells were harvested and centrifuged at 5,000 rpm for 5 min and the supernatant was 
discarded. The pellet was re-suspended thoroughly in a small volume of ice-cold 1 OOmM 
CaCl2. The cell suspension was diluted with the CaCla solution to a final volume of 30-40 ml 
and left on ice for 25 min with occasional shaking. Further, the cells were spin down and the 
pellet was re-suspended in 5 ml CaCl2 containing 15% glycerol. The suspension was 
dispensed in 100 to 400 |il aliquots and stored at -80°C. The transformation efficiency of the 
bacterial cells was evaluated. 
2.2.12. Transformation virus genes ligated plasmid cloning vector in to competent cells 
of host strain 
The culture comprising competent bacterial cells was thawed and 20 ng ligated vector was 
added to 100 ^1 competent cells in a cold 1.5 ml microftjge tube, mixed carefully and kept 
on ice for 20 min. The mixture was then heat-shocked at 42°C for 90 sec, 1 ml antibiotic-
free LB medium was added and the tube was incubated at 37°C for 30 min. 
2.2.13. Selection of transformants 
The transformants were selected on the basis of blue/white colony color. The white colonies 
were selected and subsequently plated on LBA plate containing ampicillin, X-gal and IPTG 
as described earlier (1.11.1). The plate having individual transformant in grid served as 
master plate and store at 4°C. 
2.2.14. Plasmid DNA isolation from clones 
Clones from master plates were grovra overnight in presence of ampicillin/kanamycin (100 
l^ g/ml) for the purification of recombinant plasmid DNA using the boiling lysis (Sambrook 
et al, 1989) and miniprep methods (Bimboim and Doly, 1979). 
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2.2.15. Boiling lysis method of plasmid isolation 
Bacterial cells from of the overnight culture (-1.5 ml) were centrifuged for 5 min at 8,000 
rpm and supernatant was removed by gentle aspiration. The pellets were re-suspended in 
solution A (100 i^ l) containing 4 |j,l lysozyme (10 mg/ml in 10 mM Tris-HCl, pH 8.0) and 
boiled for 1 min. The bacterial lysate was centrifuged at 12,000 rpm, for 10 min at room 
temperature and the pellet was removed. The plasmid DNA from the remaining supernatant 
was precipitated with equal volume of ice-cold iso-propanol. The pellet was recovered by 
centrifugation 12,000 rpm for 15 min at 4°C. The pellet was washed twice with 70% 
ethanol, vacuum dried and finally dissolved in 50 jxl sterile MQ water. 
2.2.15. Minip rep ration method of plasmid isolation 
Solution A 25mM 
50mM 
lOmM 
200mM 
l%(w/v) 
3M 
Tris.HCl 
Glucose 
EDTA 
pHS.O 
NaOH 
SDS 
Na-Acetate 
Solution B 
Solution C 
Cells from the overnight freshly grown bacterial culture (-1.5 ml) were harvested by 
centrifiigation at 12,000 rpm for 5 min. The pellet was subsequently re-suspended in 
solution A (100|xl) and incubated for 5 min at room temperature. Thereafter solution B (200 
1^1) and solution C (300 |il) were added. The mixture was incubated for at least 15 min on 
ice and centriftiged for 10 min at 12,000 rpm at room temperature. The supernatant was 
transferred to a fresh tube and plasmid was precipitated from the supernatant by adding two 
volume of ethanol. The pellet was recovered by centrifugation at 14,000 rpm for 15 min, 
vacuum dried and finally dissolved in 50 |il sterile MQ water. 
2.2.16. Confirmation of transformants harboring virus genes 
The presence of cDNAs insert in transformants was confirmed by restriction analysis. 
Isolated plasmid DNA was digested with restriction enzyme EcoR I in the 20 |il of total 
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reaction mixture containing (lOX reaction buffer, 2 |il; Plasmid DNA, 4 |J1; ECO RI, l|al (10 
u/\i\), and MQ water, 13 i^l) at ST^C for 4 h. The digested sample was electrophoresed on 
1% agarose gel and the insert size was ascertained in comparison with PCR amplicons. All 
clones were tested for the presence of the genes by PCR using respective primers (2.1.6.). 
2.2.17. DNA sequencing plasmid cloning vector harboring virus genes 
The plasmid cloning vector harboring virus genes were sequenced using an automated ABI-
Prism 377 DNA Sequencer (Applied Biosystems) at DNA Sequencing Facility, Department 
of Biochemistry, South Campus, University of Delhi, India. The sequencing reactions were 
carried out with AmpliTaq^*^ DNA Polymerase FS dye terminator cycle sequencing 
chemistry using the 'ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction 
Kit' (Applied Biosystems,) according to the manufacturer's protocol. Reaction mixes were 
subjected to 25 cycles in an Applied Biosystems GeneAmp 9700 Thermal cycler. , 
2.2.18. Multiple sequence alignments and phylogeny estimations ^•'^ ' 
The sequences were compared with other potyviruses and cucumoviruses retrieved in 
GenBank using the program Blast (Altschul et ai, 1997). The homologous sequences were 
aligned using CLUSTAL W with default parameters (Thompson et ai, 1994). The 
aligrmient was corrected by hand (manually) in coding regions to maintain the alignment of 
the encoded amino acids. Phylogenetic relationships between the BYMV-GLLKO and 
CMV-GLLKO were determined and trees were constructed by neighbour-joining (NJ) 
method (Saitou and Nei, 1987) where the nucleotide pair-wise genetic distances were 
corrected by using Kimura two-parameter methods (Kimura, 1980), including transitions 
and transversions unweighted and handling gaps by pairwise deletion. The significance of 
the internal branches was evaluated by using 1000 bootstrap replications. All branches with 
<40% bootstrap support were judged as inconclusive and were collapsed (Efron et al, 1996; 
Hillis and Bull, 1993). Branch lengths for all trees were normalized to 0.02% divergence. 
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3.1. Introduction 
Gladiolus is an important ornamental crop in the world, ranking second among all 
floricultural crops in global production. However, Gladiolus like other crops is 
significantly affected by viral diseases. The cultural practices of vegetative propagation 
provide an efficient way for viruses to be perpetuated and disseminated between cropping 
seasons and/or growing areas. Several viral diseases have been reported, but only a few 
have been well studied and characterized (Katoch et al, 2002). The most common 
Gladiolus virus is BYMV, a member of the Potyvirus genus belonging to family 
Potyviridae. The virus occurs virtually in all growing areas of Gladiolus is grown. Virus 
strains belonging to the BYMV subgroup have been reported based on pathogenicity, 
serological properties and molecular phylogeny (Abu-Samah and Randies, 1981; Sasaya et 
al., 1998). The universal presence of BYMV in this crop has often masked the presence of 
other viruses. Interestingly the etiological and epidemiological information on this most 
serious mosaic virus disease of Gladiolus is scanty. In India, BYMV was first reported by 
Raizada et al. (1989) from Uttar Pradesh (U P) and Katoch et al. (2002) from Himachal 
Pradesh (H.P.). It may well be present in regions from where it has not yet been reported. 
Thus, in order to understand the biology and effects of this virus, it is utmost important to 
develop the improved detection methods as an important prerequisite for its proper and 
effective control. The objectives of the work presented in this chapter were to characterize 
and develop an immunological and molecular approach for the detection for BYMV in 
Gladiolus. 
3.2. Materials and methods 
3.2.1. Sample collection and detection of potyvirus 
Virus infected Gladiolus plants exhibiting visible mosaic symptoms were collected from 
the NBRI experimental field. The sample was then desiccated at 4°C over anhydrous CaCb 
and preserved in ultra-deep freezer at -80°C. Identification of the viruses in infected plants 
was established on the basis of EIBA (2.2.4) using potyvirus antiserum (Aminuddin et al., 
1999) (2.1.8). • ~ ' 
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3.2.2. Mechanical inoculation and propagation of potyvirus strain infecting Gladiolus 
The infected plant material was inoculated on to diagnostic {Chenopodium amaranticolor) 
and propagating (Viciafaba) hosts by using phosphate buffer (2.1.11.3). The plants pre 
dusted with carborundum at 4-5 leaf stage were inoculated with extracts from infected 
plants. The inoculated plants were observed for symptom development over a period of 
three weeks after inoculation. 
3.2.3. Purification of PO-PO-GLLKO virions particles 
Extraction buffer 
0.05 mM 
0.0 ImM 
1 % (w/v) 
5 % (v/v) 
pH 
KH2PO4 
EDTA 
NajSOa 
Ethanol 
7.6 
Resuspension buffer 
Storage buffer 
Same as extraction buffer excluding ethanol. 
lOOmM NaH2P04 
pH 7.2 
Mechanically inoculated Viciafaba plants were grown for 20-25 days in a green house at 
25°C. The leaves were harvested, washed with MQ water, air dried and frozen at -80°C 
until use. Virus was purified from infected leaf tissues as described by Dijkstra and Jager 
(1998). Briefly, systemically infected 200g leaves were ground in liquid nitrogen and 
homogenized in a blender with extraction buffer in the ratio 1: 3 (w/v), then filtered 
through three layers of cheesecloth. The filtrate was centrifixged (10,000 rpm, 4°C, 20 min, 
in GSA rotor), Triton X-100 was added into the supernatant to a final concentration of 3% 
and stirred for 1 h at 4°C. The supernatant was layered over a cushion of 20% (w/v) 
sucrose and centrifuged for 3 h at 26,000 rpm in Ti45 rotor. The pellet was dissolved in 
20ml resuspension buffer, stirred on ice for 4 h, and then centrifuged for 10 min at 8,000 
rpm. The supernatant was collected and resuspended in 10ml(^ ofl resuspension buffer. The 
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collected supernatant containing virus suspension was subjected to cesium chloride density 
gradient centrifugation in vertical rotor SW-55 for 16-20 h at 36,000 rpm. The virus 
particles zone was collected and dialyzed in storage buffer at 4°C with three successive 
changes. Dialyzed purified virus was collected and OD at 260nm was measured by 
spectrophotometer. Purified virus was stored in 50% glycerol at -80 C and infectivity of / a* 
purified preparation was tested on Vicia faba plants by mechanical inoculation. Aliquots/*'^ *'''^ '^'^  
were taken for electron microscopy (EM), SDS-PAGE and EIBA analysis. i\U^^ 
3.2.4. Electron microscopy 
The electron microscopy of purified virus preparation was carried out by negative staining 
with uranyl acetate (2 %, pH 4.2) according to the method described by Aminuddin et al. 
(1999) (2.2.2). 
3.2.5. Determination of molecular weight of capsid protein subunits 
Molecular weight (Mw) of coat protein (CP) subunits was determined by SDS-PAGE 
following the method of Laemmli, (1970). Briefly, the purified virus was disrupted in SDS 
gel-loading buffer (2.2.3), boiled for 3 min for denaturation and immediately chilled on 
ice. The denatured virus CP was separated through SDS-PAGE in 12% polyacrylamide 
gels at pH 8.8 along with medium range prestained protein markers. The gel was then 
stained with Coomassie Brilliant Blue R-250 for 30 min and destained (2.2.3). 
3.2.6. Production of antiserum 
Rabbit was injected with ~0.5mg of purified virus mixed with an equal volume of Freund's 
complete adjuvant. After one week, rabbit was immunized with the same amount of the 
^^ purified virus mixed with Freund's incomplete adjuvant. The third dose was administered 
^ similar to the second dose. One week after the last booster dose the rabbit was bled and the 
titer of serum was determined. IgG from the antiserum was purified by (NH4)2S04 
precipitation using standard method and evaluated for reactivity (Jager and Dijkstra, 2000). / 
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3.2.7. EIBA 
Total protein from 100 mg infected leaves (naturally infected or mechanically inoculated) 
and purified virus was separately subjected to denaturation in equal volume of SDS gel-
loading buffer (2.2.3). The separation of the proteins was carried out on a SDS-12% 
polyacrylamide gel in a Bio-Rad minigel system. The proteins were transferred from the 
gel to a NC membrane using electroblotting with a transfer buffer (0.02M Tris, 0.15M 
glycine, 0.01% SDS, 20% methanol). The NC membrane containing proteins then probed 
with polyclonal antibodies (2.1.8 and 3.2.5) or N-terminal specific antibodies (3.2.7)At^X 
followed by alkaline phosphatase- labeled antibodies (2.1.8). •, 
3.2.8. Generation of antibodies directed toward the N-terminal domain of CP 
The N-terminal specific antibodies were generated according to the method described by 
Khan et al. (1990).The optimum concentration of the Endoproteinase Lys-C for complete 
removal of PO-GLLKO N-terminal domain was evaluated on SDS-PAGE. Subsequently 
purified PO-GLLKO (10 ng Endoproteinase Lys-C/5 mg purified virus) was digested with 
concentrations protease for 1 h at 25°C. The core of CP (devoid of N-terminal domain) was 
separated from the N-terminal peptide after centrifugation using SW-55 rotor at 40,000 
rpm for 1 h at 4°C. The pellet containing the N-terminal deficient PO-GLLKO CP was 
resuspended in 1ml borate buffer (25mM, pH 8.0) in a microfuge tube. The dissociation of 
the core of BYMV strain PO-GLLKO CP was carried out using 1.5ml of formic acid and 
incubated for 1 h at room temperature. The dissociated CP core was centrifuged at 12,000 
rpm for 5 min and collected. Therefore, in order to generate N-terminal targeted antibodies 
the core domain was coupled with cyanogen bromide (CNBr)-sepharose following the 
procedure described by Khan et al. (1990). In brief, 400mg CNBr- sepharose powder was 
suspended in 3ml of ImM HCI, washed with the lOOml ImM HCI for 10 min. The 
homogenate was mixed with coupling buffer (O.IM NaHCOs, 0.5M NaCl, pH 8.3) and 
rotated overnight at 4 °C. The coupled homogenate was poured to glass column (20 cm x 
0.5 cm) and blocked by blocking buffer (O.IM Tris-HCl, pH 8.0) for overnight at 4°C .The 
affinity column was prepared and then washed with buffer I (20ml acetate buffer; O.IM, 
0.5M NaCl, pH 8.0) followed by with buffer II (20ml Tris-HCl; O.IM, 0.5M NaCl, pH 
8.0). The N-terminal domain specific antibodies of CP were separated from PO-GLLKO 
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polyclonal antiserum (3.2.5). For this ~40nl antiserum was passed through the affinity 
column to which N-terminal deficient PO-GLLKO CP region had been coupled and left for 
2 h at 4°C. The column was washed with -lOmI borate-saline buffer (O.IM borate buffer 
containing 0.85% saline solution in a ratio of 1:20). The antibodies which did not bind to 
the column (i.e. those to N-terminal domain) were collected and their concentration was 
measured at 280nm using UV-Vis spectrophotometer). Eventually, specificity of the N-
terminal antibodies was evaluated by EIBA (2.2.4). 
3.2.9. Isolation of RNA and RT-PCR 
Purified virus and infected tissues (stored at -80°C) were separately taken for total RNA 
extraction (2.2.5 and 2.2.6). Total RNA (2 ^g) was used as template for cDNA synthesis. 
First strand cDNA synthesis was initiated with gene specific down stream primers DP89 
and PII complementary to the 3' terminal of poly-A tail and P3 genes, respectively (Fig. 
3A). The RT reaction was carried out with AMV-RT and subsequent cDNAs were PCR 
amplified with recombinant Taq polymerase (2.2.7) including 30 pmol each of primers 
pairs (PI/PII, DP89/U341 and D341/S-primer) (2.16). PCR amplification conditions 
included an initial denaturation cycle of pre-dwell 5 min at 94 °C followed by 35 cycles of 
denaturation for 30 s at 94°C, annealing for 45 s at 54°C and extension for 30 s at 72°C, 
with a post-dwell extension of 10 min at 72°C. The PCR amplified cDNAs were analyzed 
on 1.5% agarose and then documented by Gel Documentation System (Bio-Rad) (2.2.8). 
3.2.10. Cloning and sequencing 
For cloning and sequencing, the PCR-amplified cDNA were gel purified using a Gel i 
Extraction kit (2.2.9) and then cloned into cloning vectors according to specification made / ' 
in kit protocol (2.2.10 to 2.2.15). cDNA specific clones (carrying cDNAs inserts of 730 bp, 
650 bp and 750 bp) were confirmed by PCR, EcoR I restriction analysis and dot blot 
hybridization (2.1.6, 2.1.16 and 5.2.3). Clones harboring corresponding inserts of suitable 
length were sequenced with SP6 and T7 sequencing primers by the dideoxynucleotide 
chain termination method (2.2.17). The sequenced data were analyzed using softwares. 
Phylogenetic trees were constructed using the neighbour-joining method and the statistical 
significance of the branching order was estimated by 1000 replications of bootstrap 
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resampling of the original nucleotide and amino acid sequence alignments by Clustal W 
(2.2.18). Further analysis and molecular modeling were performed using standard tools. 
3.3. Results 
Experimental plots in NBRJ gardens and various gladiolus fields in the adjoining areas of 
Lucknow commonly exhibited the symptoms of the viral disease. Naturally infected plants 
showed severe mosaic, dark green stripes on leaves, color-breaking of petals and stunting 
symptoms along with poor blooming was also noticed in affected plants (Figs. lA and B). 
The diagnostic EIBA using potyvirus polyclonal antibodies revealed the presence of 
potyvirus (Fig. 2A) and mechanical inoculation of isolate resulted in a successful 
transmission of the virus isolate from gladiolus to diagnostic {Chenopodium 
amaranticolor) and propagating {Vicia fabd) hosts (Figs. IC and D). Purified virus 
preparations obtained from propagating host showed plenty of rod shaped virion particles 
visualized under transmission electron microscope (Fig. IE). The purified virus was found 
infectious when tested on propagating host, SDS-PAGE and EIBA revealed the Mw of CP 
as -32 kDa (Figs. 2B and C). The CP was subjected to limited proteolysis by digestion 
with Endoproteinase Lys C as described in materials and methods section. The 
concentration dependent proteolytic digestion as monitored by SDS-PAGE, complete 
digestion of N-terminal domain of wild-type CP band (-32 kDa) occurred 0.002 to 0.006 
|ig of enzyme, with concomitant appearance of -30 kDa bands and validating the t ^ 
production of resistant core (Fig. 2D and E). The antibodies specific to N-terminal / ^^t"» 
domain exhibited the reactivity with only intact CP in contrast to the deficient PO-GLLKO 
CP (resistant core) (Fig. 2F). The N-terminal antibodies based EIBA reveal the cross 
reaction with potyvirus strains infecting Gladiolus and Narcissus (Fig. 2G). 
Molecular characterization of strain was done by 3' (CP gene and 3'-UTR) and 5' (partial 
HC-Pro and P3 genes) regions respectively. Both targeted regions from strain were 
successfiilly amplified by different sets of primers using RT-PCR and yielded amplicons of 
expected sizes i.e. 730 bp, -750 bp and -650 bp (Figs. 3 A, B and C). Further, amplicons 
were successfully cloned in plasmid cloning vector and presence of the genes in 
recombinant clones were confirmed through PCR, EcoK I restriction analysis and dot blot 
hybridization. The restriction analysis of clones with the inserts suggested the absence of 
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7 ^^  
internal EcoR I sites (Fig. 3 C and D). The respective positive clones were sequenced and 
their blast analysis revealed the highest sequence homology of strain with the other BYMV 
strains in database (Tables 1 to 5). The sequenced data translated into amino acid 
sequences found that sequenced strain were 273 and 242 amino acids length corresponds to 
CP and HC-Pro/P3 respectively. The 3'UTR of the strain was found 171 nucleotides long 
(Figs. 4 and 5). Endoproteinase Lys C mediated peptide profiling of the PO-GLLKO strain 
CP revealed the total mass 31.05 kDa with 17 cleavage sites (Table 6). Moreover, C-
terminal region does not contain any cleavage site, in contrast to N-terminal domain which 
was found containing 5 sites with mass 1.77 kDa as depicted in cleavage map (Fig. 6). CP 
gene of strain was compared with the already published sequences of BYMV strains at 
nucleotide and amino acid level (Fig. 7). Comparative sequence analysis revealed that the 
BYMV strains from different locations and different host^shared 98.7% to 80% and 98% Xo I ^ 
84% identity at the nucleotide and amino acid level, respectively. The strain was identical / 7 
in terms of their deduced amino acid sequences of CP with other strains and showed the 
divergence only at certain positions (Fig. 8). The potyvirus conserved regions in the strain 
CP, such as WCIEN substituted by the WCMDN in contrast to OMKAAA has been found/ ^ 
conserved. Besides these, conserved region search of CP revealed the presence of seven ' -j 
consensus regions at the amino acid level (Table 7) but the length of CP of our strain and 
other reported strains of BYMV was foimd identical. The N-terminal domain of the CP 
does not show the presence of consensus sequence region. This suggests substantial 
divergence of N-terminal domain of CP in contrast to C-terminal regions which showed 
the negligible divergence (Fig. 8). The aphid transmission motif NAG was located at / ' 
residues 7-9 at the N-terminal domain of the CP. This motif is analogous to the highly 
conserved DAG motif found in most potyviruses that is essential for aphid transmission. In / fta-;^ 
some reported BYMV strains, a guanine to adenine nucleotide substitution leads to glycine 
to serine amino acid substitution at the third position of the NAG motif, resulting in NAS. 
Furthermore, the N-terminal sequences of the CP of all published BYMV strains were 
compared in all cases the NAG motif was conserved, except some BYMV strains (Fig. 8). 
In the CP core region amino acid at position 122, 154 and 198 responsible for virus particle 
formation and movement was found conserved in PO-GLLKO strain as well as other 
BYMV strains used for analysis (Fig. 8). The 3'-UTR of the strain was comprised 171 
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nucleotides (excluding the termination codon and poly (A) tail). The sequence 
relationships of the 3'-UTRs showed the substitution at certain positions along with one 
deletion at position 54 in strain has been noticed. However, alignment and identity matrix 
analysis revealed the nucleotide sequences of reported strains were more or less identical 
(Figs. 9 and 10). On the other hand HC-Pro/P3 proteins of the PO-GLLKO strain showed 
99.57% to 80.17% homology with other BYMV strains at amino acid level. The predicted 
protease cleavage site of HC-Pro/P3 KYYRVG/GDWNF in PO-GLLKO strain was 
identified (Fig. 11) and the proteins showed the divergence at the certain positions, i.e. 
131-134 (Fig. 12). :S 
The CP of PO-GLLKO strain form Gladiolus and reference strains from the NCBI 
database were used to calculate the phylogenetic relationship. The PO-GLLKO showed 
very close evolutionary ties to strains (CACB5378, BAA93682, AAF00523, and 
AAX54480 etc.) with other strains from the Japan and India on the basis of amino acid 
analysis. The phylogenetic analysis of Indian BYMV strains revealed the distribution of 
the strains in different clusters, IBY, IIBY, III BY, IVBY, VBY and VIBY. Likewise, 
some Indian strains show very close evolutionary ties to cluster IBY. The un-rooted tree 
showed a small polytomy in subgroups and a heterogeneous cluster, which contained the 
cluster IBY. Close examination of the cluster IBY (to which most of the Indian isolates 
belong) revealed that within there are some independent clusters with high bootstrap 
support as seen for strains from India (Fig. 13). To confirm the formation of these 
additional subgroups, a more detailed phylogenetic analysis with a larger number of 
sequence data (CP-sequences available at the NCBI database) was carried out to construct 
a complex phylogenetic tree. The topology of this tree was essentially identical with except 
more internal branching within the groups. In summary, the groups have identical 
relationship patterns to the complete analysis and revealed the Indian strains distributed 
only in IBY and IIBY clusters. To find out any possible relationship between the CP gene 
and the original plant host, the sequences of BYMV strains, whose original hosts were 
known either from the database or from the literature, were used to construct another 
phylogenetic tree. The results showed that the CP genes had no relationship with most of 
the original hosts, except some strains. The partial HC-Pro/P3 and 3'-UTR sequence of the 
Gladiolus PO-GLLKO strain including reference strains were used to calculate the 
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phylogenetic relationship (Figs. 14 and 15). The sequence divergence in the phylogenetic 
analysis of the HC-Pro/P3 gene and 3'-UTR showed a pattern almost identical to that of 
the CP. 
The secondary structure prediction of PO-GLLKO strain showed that 29.04% (79) of 
amino acids has propensity towards a alpha helix, 17.28% (47) will form extended strand 
and rest fall under random coil region 53.68% (146) (Fig. 16). The intensive search in 
structural database for suitable template for construction of the 3D model of Gladiolus 
infecting B YMV strain CP, revealed the absence of X-ray crystallographic structure of any 
potyvirus till date. Therefore, 3D structural analysis of PO-GLLKO strain was not carried 
out. However, fold recognition search for domain identification of CP of the strain 
revealed the 3D homology with the different proteins showed the Z scores and alignments 
(Tables). 
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Fig.l. (A) Gladiolus plant showing the typical mosaic symptom; (B) Close view of 
mosaic symptom on leaf; (C) PO-GLLKO strain induced necrotic local lesions on C. 
amaranticolor; (D) Mechanical transmission of PO-GLLKO strain on propagatinjg 
host Vicia faba; (E) Electron micrograph of the PO-GLLKO strain showing road 
shaped virion particles 
' ^ : ^ < y. 
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, a ^ AM(f ^. 
El E2 
-32 kDa 
29kDa 
24kDa 
Fig.2. (A) EIBA based detection of the potyvirus strain infecting Gladiolus;(B) 
SDS-PAGE of the purified virus preparation of strain PO-GLLKO;(C) EIBA of 
the purified PO-GLLKO strain. 
El and E2- Blot showing the cross reaction of the potyvirus antiserum (Aminuddin et al, 1999) 
with PO-GLLKO strain CP subunit (~32kDa). 
M-Low range protein molecular weight marker (M 3913, Sigma Chemical Company, USA). 
S- SDS-PAGE of the purified virus preparation of the PO-GLLKO strain and showing the CP 
subunit Mw~32kDa. 
E3-EIBA showing the cross reaction of the potyvirus antiserum (Aminuddin et al, 1999) with 
purified PO-GLLKO strain. 
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~30kDa 
Fig.2. (D) SDS-PAGE of the purified PO-GLLKO strain CP (~6 ^g) showing the 
concentration dependent proteolysis of N-terminal domain with Endoproteinase 
Lys-C; (E) EIBA showing the detection of the intact (LEI) and N-terminal deficient 
(LEI) CP subunit using PO-GLLKO polyclonal antiserum; (F) EIBA based 
specificity evaluation of the PO-GLLKO N-terminal specific antibodies ; (G) EIBA 
showing N-terminal antibodies cross reaction with PO-GLLKO strain and 
Narcissus infecting potyvirus strain 
M- Prestained protein molecular weight marker (SM0441). 
S1,S2,S3,S4,S5, and S6- Control, 0.02 ^g, 0.002 jig, 0.004 jig, 0.006 ng, and 0.008 ^g. 
LEI- EIBA of the intact (undigested) purified virus CP subunit. 
LE2- EIBA of the Endoproteinase Lys-C digested purified virus CP subunit. 
NEl- N-terminal antibodies based EIBA showing the non cross-reaction with the Endoorotemasf 
Lys-C digested purified virus CP subunit (N-terminal deficient domain). 
NE2- N-terminal antibodies based EIBA showing the cross-reaction with the intact (undigested) 
purified virus CP subunit (N-terminal holding domain). 
GEl- N-terminal antibodies based EIBA showing the cross-reaction with virus CP subunit in 
infected plant leaves of Gladiolus. 
GE2- N-terminal antibodies based EIBA showing the cross-reaction with potyvirus CP subunit in 
infected plant leaves of Narcissus. 
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5'VP 3' Poly(A) 
B PI PI S-primer U341 D341 DP89 
730bp 
Ml PI Rl 
~750bp 
M2 P2 P3 R2 R3 
-650bp 
M3 P4R4 R5 
D f # • m • 
Fig.3. (A) BYMV genome organization and targeted genes in this study; (B) 
Different primers based RT-PCR amplification strategy of the PO-GLLKO strain 
genes and their positioning of priming regions; (C) Agarose gel electrophoresis of 
the amplified regions. 
Mi-Lambda DNA/£co RI+ HindUl DNA molecular weight marker. 
M2 and M3- <t»X \14DNA/Hae III DNA molecular weight marker. 
PI- RT-PCR amplified partial HC-Pro/P3 gene of the PO-GLLKO strain. 
P2 and P3- RT-PCR amplified S-Primer/D341 amplicon of the PO-GLLKO strain. 
P4- RT-PCR amplified U341/ DP89 amplicon of the PO-GLLKO strain. 
Rl, R2 and R4- £coRI digested recombinant clones containing gene inserts. 
R3 and R5- £coRl digested plasmid cloning vector without gene inserts. 
R2 and R3- £coR! digested recombinant clones containing CP gene inserts. 
(D) Homologous probe based dot blot hybridization of the recombinant clones. 
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4 
91 
316 
106 
361 
ws^mmsmmemmimm^-^ GAG AAT AAG AAA GAT AAA 
riGlu Gin Glu Lys Leu Asn Ala Gly Glu Asn Lys Lys Asp Lys 
AAG ATT GGT GAT AAC CCT TCA GAG GAA CCC GAG AGA CAA 
r Ser Arg Gin lie Leu Pro Asp Arg Asp Val 
GTT GGA ACA TTT TCA ATT CCG AGA CTT AAA AAG 
Val Gly Thr Phe Ser H e Pro Arg Leu Lys Lys 
Asn Thr Gly Thr 45 
ATA GCG GGG AAG 180 
H e Ala Gly Lys 60 
MVC tm CCA tAk AW UUft Ulik AAA tfl'A UTl' 
u Asn H e Pro Lys H e Gly Gly Lys Val Val rrrnarmnser 
Leu Asn Leu Asp l i 
iBHHIii^i^^HH[iHlHHiBBE>p 
A^R 6CG ACA GAA GGA GAA TTT GAA GGG TG6 TAT 
H e Ala Thr Gin Ala Gin Phe Glu Ala Trp Tyr 
CAA GCA TAT GAA GTT GAT GAT TCA CAG ATG GGC 
Gin Ala Tyr Glu Val Asp Asp Ser Gin Met Gly 
GGA CTT ATG GTA TGG TGC ATG GAT AAT GGC ACA 
eiy Usa Met Vai. Trp Cys Met Asp Aan 6iy Ihr 
ATC 
He 
AGT 
Ser 
ATT 
He 
TCA 
Saac 
TCA AAC ^ ggj 
GGT GTT AA6 
Gly Val Lys 
ATA CTA AAT 
H e Leu Asn 
GGA GAC TTR 
Gly Aap J>att 
• 
Ml 
losi 
360 
120 
409 
m Ul'y UlU 'il'\i 'I'lli' Ht!"l °WPC-gSp'S^^t^gT^CTJ^i^T! 
451 CCG CTC AAA CCA ATC TTG GAT AAT GCG AAG CCA ACA TTC CGC CAA 493 
151 Pro I.eu Lva Pro H e Leu Asp Asn Ala Lys Pro Tfar Phe Arg Gin 165 
496 ATA ATG TCT CAT TTC TCA CAA GTT GCA GGA GCT TAG ATA GAG AAA 540 
166 H e Met Ser His Phe Ser Gin Val Ala Gly Ala Tyr H e Glu Lys 180 
^ ^ ^ H E A AAT GCG ACA GAG AGG TAT ATG CCA CGG TAT GGC CTC CAG AGA 
^ ^ ^ ^ B n Leu Tbr Asp Tyr Gly Leu Ala Arq Tyr Ala Phe Asp Phe Tyr 
^ ^ ^ H p ^ CTG ACT TCT AAG ACT CCT GTG CGT GCT AGA GAG GCA CAT ATG 
585 
210 
675 
676 CAA ATG AAG GCA GCA GCA GTT AGA GGT AAG TCA AAC CGG TTA TTT 720 
226 Gin Met Lys Ala Ala Ala Val Arg Gly Lys Ser Asn Arg Leu Phe 240 
CTT GAT GGC AAT GTT GGA ACA GAC GAG GAG AAC ACA GAG AGA 765 
s Thr Ala Gly Asp Val Asn Arg Asp Met His Thr Met Leu Glv 270 
GTT CGT ATT 
1 Arg 
mi VM CAT TOP CfC fkt TC» GAC AGG STA AGC ACT TAG TGA ^raf 
136 GGT TGC CTC GTG TGA GCC TGA TCT TTG TAG AGC GAG 171 
Fig.4. Nucleotide and translated amino acid sequences of the CP and 3'UTR 
of the strain PO-GLLKO. 
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ijf^<f3s^ asA ^hiBae/~GiJJS§ 
138 
45 
318 
105 
hT TAT AGA GTT 
lu Ser Glu Leu Lys Tyr Tyr Arg Val 
AAT CGA GTC CGA ACT GAT ACA AAA 
y Asn Arc Val *i«t Thr Asa ffar 1.W 
GGT GGT GAT TGG AAC 
Gly Gly Asp Trp Asn Pfie 
TTT CTT CTC AAG AGT ATA 
gtae beg tea hva a»g fet» 
T AGG 
Arg Pro Asp Leu Leu Glu Arg H e 
GTG CTA GTG TTA GCC ATG CAG TCA CCA 
Val Leu Val Leu Ala Met Gin Ser Pro 
H e Glu His Glu Pro Phe 
GCT GTC TTA TTA 
Ala Val Leu Leu 
GCC CTC 
Ala Leu 
182 
59 
^^^^Bhe 
^F 
Asn Ser 
GAG ATG 
"gea RR1 
Ser Asn 
Ala Ser Leu Glu Lys Ala 
CAA GTT TCA CAT ATA ATG 
STis, Aat: iscT Tea aes C T G 
Val Ser Ala Ser Arg Leu 
Val 
ACA 
Thr 
TTA 
Leu 
Gin 
CTA 
Leu 
ACC 
Thr 
Tyr Trp 
TTG GCT 
I^u Ala 
ACA CAA 
Thr Gin 
ATG 
Met 
GTT 
Val 
TTT 
Phe 
His ' 
rrGj 
Leu ' 
GAG 
Glu 
• 
!n 
ATC ATT GAA GCA AGT GCA CCT CAG ATT 
H e H e Glu Ala Ser Ala Pro Gin H e 
CTT GCG GAG ATG 
Leu Ala Glu Met 
GAC AAG 
Asp Lys 
362 
119 
4S3 
150 
723 
TTG AAy^^AA,.AST 
Leu unnHigiii 
Ser H e His Ser Ala Asn Val 
GAT AAG ACA ATA 
TTG GGC 
Leu Gly 
TTC TAT TGG TTC 
Phe Tyr Ser Phe 
^EG"AAS"TGC AGO AGA ATT TTA ATG GftA -4^ 
Lys Lys Ser Ser Arg H e Leu Met Glu 164 
498 
165 
543 
633 
210 
678 
225 
AAA ACC TTA 
Lys Thr Leu 
rre TTG GAA 
Leu Leu Glu 
^ ^ ^ & A G TAT 
^^^m^s Tyr 
AGA GAC AAG 
Axg Asp Lys 
AAA CAA CAG 
Lys Gin Gin 
ATG 
Met 
CGA 
Arg 
^ 
TTG 
Phe 
TTA 
Leu 
GCG 
Ala 
TTA 
Leu 
^ 
ACA 
Thr 
CTT 
Leu 
GAT 
Asp 
TCT 
Ser 
j^rr 
ACC 
Thr 
GCT 
Ala 
TTG 
Leu 
TTA 
Leu 
GCA 
Ala 
TCA 
Ser 
CAA 
Gin 
GAG 
Glu 
ATA 
H e 
ATC 
He 
CTC 
Leu 
AAG 
Lys 
GAG 
Glu 
AAG 
Lys 
CAA 
Gin 
AAG 
Lys 
GAT 
Asp 
CAA 
Gin 
GGG 
Arg 
CGA 
Arg 
TTA 
Leu 
CAG 
Gin 
TGG 
Trp 
TCG 
Ser 
GAA 
Glu 
TCA 
Ser 
GCT 
Ala 
CAA 
Gin 
TGG 
Trp 
GAG 
Glu 
GGG 
Gly 
GTC 
Val 
GGA 
Gly 
CGA 
Arg 
CCA 
Pro 
GCT 
Ala 
CAT 
His 
TTG 
Leu 
GTG 
Val 
CAG 
Gin 
TTT 
Phe 
GGA 
Gly 
CGA 
As*. 
ATA 
GTA 
Val 
542 
179 
587 
677 
22^ 
722 
239 
GAA AGG 728 
Fig. 5. Nucleotide and translated amino acid sequences of the HC-riv 
and P3 of the strain PO-GLLKO. 
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Table.6. PO-GLLKO Lys C treated CP showing the position of cleavage sites and generation 
of various peptide lengths. I 
Name of enzyme 
LysC 
Position of 
cleavage site 
5 
12 
13 
15 
18 
55 
56 
60 
65 
69 
105 
153 
160 
180 
215 
228 
235 
273 
No. of cleavages 
17 
Positions of cleavage sites 
i 
5 12 13 15 18 55 56 60 65 69 105 153 160 180 215 228 235 
Resulting peptide sequence 
SEQEK 
LNAGENK 
K 
DK 
GRK 
IGDNPSEEPERQSSRQILPDRDVNTGTVGTFSIPRLK 
K 
lAGK 
LNIPK 
IGGK 
WLNLDHLLDYNPPQDDISNTIATQAQFEAWYSGVK 
QAYEVDDSQMGIILNGLMVWCMDNGTSGDLQGEWTMMDGEEQVT 
YPLK 
PILDNAK 
PTFRQIMSHFSQVAGAYIEK 
RNATERYMPRYGLQRNLTDYGLARYAFDFYRLTSK 
TPVRAREAHMQMK 
AAAVRGK 
SNRLFGLDGNVGTDEENTERHTAGDVNRDMHTMLGVRI 
Peptide 
length |aa| 
5 
7 
1 
2 
3 
37 
I 
4 
5 
4 
36 
48 
7 
20 
35 
13 
7 
38 
r Peptide mass 
|Da| 
619.629 
744.803 
146.189 
261.278 
359.429 
4110.510 
146.189 
387.479 
583.729 
373.453 
4076.488 
5401.038 
769.896 
2310.656 
4307.859 
1554.849 
671.798 
4228.598 
TOTAL 31053^7 
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LysC 
LysC I 
LysCI I 
I I 
+ + — — 4 . + + 6 ^ 
LysC 
LysC I LysC 
LysC LysC 
I I I 
@IIV<K9«»iGTS€DL@€E«fWfDe^^«9XSiiiQPX&GimKPT^RQIMSBFSQVAGA¥lEK 
LysC LysC LysC 
RNATERYMPRYGLQRNLTDYGLARYAFDFYRLTSKTPVRAREAHMQMKAAAVRGKSNRLF 
181 + + + + + +240 
4 -COOH 
GLDGNVGTDEENTEIHTAGDVNRDMHTMLI 
^ — - 1 — r — - 1 — 
IGVRI 
Fig.6. Endoproteinase Lys-C cleavage sites map of the CP of the strain PO-GLLKO. 
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^ K D E * S^HV 
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^^1 D E * 3!^Hi 
^B£^i!i 2^Bi! 
Fig.7. ClustalW alignment of the amino acid sequence of CP of the strain PO-GLLKO 
with other reference BYMV strains. 
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Fig.8. Identity matrix, domain (-NH2 and -COOH) and motifs (NAG; WCIEN 
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Table.7. Consensus regions in the CP of PO-GLLKO strain. 
Regions Consensus Segment Average 
Length entropy 
. (Hx) 
1 52-PRLKKIAGKL-61 10 0.0412 
2 103-GVKQAYEV-llO 8 0.0735 
3 135-LQGEWTMMDG-144 10 0.0103 
4 157-DNAKPTFRQIMSHFS-171 15 0.0206 
5 173-VAEAYIEKRNATERYMPRYGLQR 38 0.0236 
NLTD YGLARYAFDFY-210 
6 216-TPVRAREAHMQMKAAA-231 16 0.0174 
/ 
7 238-RLFGLDGNVGTDEENTERHTAGD 36 0.0220 
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Fig. 11. ClutalW alignment of HC-Pro/P3 amino acid sequence of the strain PO-
GLLKO with reference strains of BYMV. 
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Fig. 12. Identity matrix of HC-Pro/P3 amino acid sequence of strain PO-GLLKO with 
reference strains of BYMV. 
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Fig. 13. Phylogenetic relationship of strain PO-GLLKO based on CP amino acid 
sequences with reference strains. The distance method of neighbour-joining was 
used to construct the tree topology. All bootstrap values of 45% or greater are 
indicated on the tree. The scale bar indicates the numbers of amino acid 
substitutions per site 
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Fig. 14. Phy logenet ic relationship o f strain P O - G L L K O based on 3 ' - U T R 
sequences with reference strains. The distance method o f neighbour-joining w a s 
used to construct the tree topo logy . Al l bootstrap va lues o f 4 5 % or greater are 
indicated on the tree. The scale bar indicates the numbers o f nucleot ide 
substitutions per site 
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Fig. 15. Phylogenetic relationship of strain PO-GLLKO based on HC-Pro/P3 amino acid 
sequences with reference strains. The distance method of neighbour-joining was used to 
construct the tree topology. All bootstrap values of 45% or greater are indicated on the 
tree. The scale bar indicates the numbers of amino acid substitutions per site 
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Fig. 16. Secondary structure of the CP of PO-GLLKO strain. 
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3.4. Discussion 
A virus strain was isolated from naturally infected Gladiolus from experimental fields of 
NBRI, Lucknow. Preliminary studies suggested this to be a potyvirus, based on its 
flexuous particle morphology, mean length of the virion particle and presence of typical 
pinwheel inclusions in ultrathin sections of infected leaves (Srivastava et al, 1983). 
Considering the economic importance of a potyvirus infecting Gladiolus in this study 
detailed serological and molecular characterization has been carried out. Naturally infected 
Gladiolus plants were characterized at biological, serological and molecular levels. The 
isolate induced necrotic local lesion on the C. amaranticolor and systemic mosaic on Vicia 
faba. Based on the type of local lesions that developed on inoculated leaves of 
Chenopodium, the BYMV have been divided into necrotic spot (NS) and chlorotic spot 
(CS) types (Wada et al, 2000). Sasaya et al, (1998) showed that BYMV isolates collected 
from different hosts and locations in Japan were classified into four pathotypes. 
This isolate under study exhibited confusing results with the reference polyclonal 
antibodies of BYMV-Floridaa and CIYVV strains (Srivastava et al, 1983). Serology based 
taxonomy of the bean yellow mosaic subgroup of the genus Potyvirus has been confusing, 
because the viruses in this subgroup have many properties in common including host 
reactions and serological reactions (Bos et al, 1974; Jones and Diachun, 1977; Bamett et 
al, 1987). For some time, CIYVV was considered a strain or a serotype of BYMV, 
because of an overlapping host range and strong serological interrelationships between 
CIYVV and BYMV (Bos et al, 1974; Bamett et al, 1987). However, identification of 
potyviruses based on these parameters has resulted in considerable confusion in the past 
due to the use of diagnostic antisera containing variable proportions of cross-reacting 
antibodies directed toward the conserved core region of the virus coat protein (Shukla et 
al, 1989). The occurrence of these antibodies can be minimized by careful immunization 
protocols (Shukla et al, 1988) or removing them by cross absorption (Shukla et al, 1989). 
These results highlighted the importance of using well-characterized antibodies for 
potyvirus detection and identification. Consequently, for reliable identification and 
differentiation of distinct members and strains, serological criteria such as virus specific 
antibodies directed towards the N-terminus and peptide profiles have been used (Shukla et 
al, 1994; Bhat et al, 1999). The virus isolate PO-GLLKO showed a serological 
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relationship with an isolate of potyvirus causing severe mosaic disease in Narcissus 
(Aminuddin et al, 1999). Similarly, purified polyclonal antibodies of Narcissus potyvirus 
strain also reacted with PO-GLLKO. Furthermore, the cross-reactivity of N-terminal 
specific antibodies of PO-GLLKO with a potyvirus infecting Narcissus EIBA suggested N-
terminal epitope similarity between Narcissus potyvirus and PO-GLLKO isolate. However, 
there was a lack of cross-reaction of N-terminal specific antibodies of PO-GLLKO with a 
potyvirus strain infecting Amaryllis in EIBA (unpublished data of our lab). The absence of 
cross reactivity of the PO-GLLKO N-terminal specific antibodies with Amaryllis infecting 
potyvirus strain may be due to the dissimilarity of the N-terminal epitopes or SDS 
mediated dissociation of virions may have disrupted the epitopes recognized by the 
antibodies. Similar results were obtained for pepper mottle virus and PVY, which are 
considered to be strains of the same virus (Shukla et al., 1992). The sequence based 
characterization of the potyvirus isolates from Narcissus and Amaryllis remain to be 
needed. However, sequence similarities are also reported for N-terminal regions of CPs of 
biologically distinct potyviruses (Shukla et al, 1989; Khan et al, 1990; Fortass et al, 
1991). The PO-GLLKO isolate showed 18 amino acid long surface exposed N-terminal 
domain with mass 1.77 kDa. However, Shukla and Ward (1988) revealed the distinct 
potyviruses exhibit the N-terminal portion of the CPs from 29-95 amino acid residues. 
Therefore, for unambiguous identification of strain PO-GLLKO, its molecular 
characterization was done by 3' (CP gene and 3'-UTR) and 5' (partial HC-Pro/P3 genes) 
regions respectively. Both the targeted regions analysis showed the highest sequence 
homology of strain PO-GLLKO with the BYMV strains in public database. The high 
degree homology (nucleotide and amino acid) of strain PO-GLLKO with those of BYMV 
strains confirmed PO-GLLKO as a strain of BYMV. Furthermore, the 3'-UTR of PO-
GLLKO showed 84-99% identity with 3'-UTR sequences of distinct BYMV strains, thus 
complying with the cut-off range of 83-99% for identifying strains of the same virus as 
described by Frenkel et al. (1989). Much sequence variation was found within BYMV and 
related strains, but all were clearly the isolates of BYMV (Shukla et al, 1994; Ward et al, 
1995). The differences at the strain level were still narrow as has been reported for 
potyviruses (Bousalem et al, 2000). The greatest variability occurred in the N-terminus of 
the PO-GLLKO CP and reference strains. Among strains in the same pathotypes, the N-
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terminal region of the CP was highly conserved, whereas, among strains of different 
pathotypes, the N-terminal region of the CP varied. This result agrees with findings in 
previous reports that the difference in N-terminal regions of the CP may correspond to 
relationships among strains of the same potyvirus (Shukla and Ward, 1988; Boye et al, 
1990; Rodriguez-Cerezo et al, 1991; Khan et al, 1993; Vakonen et al, 1995). However, 
there was still considerable conservation within this region. This is due to the presence of 
the NAG motif, which is associated with aphid transmission (Wylie et al, 2002). The fact 
that conserved N-terminus of the PO-GLLKO CP suggesting it's with functional or 
structural role (Silva-Rosales et al, 2000). The close relationships among the isolates of 
the four pathotypes have been supported by the phylogenetic analysis. Using phylogenetic 
analysis-based amino acid sequences of the CP, pathotypes I, II, III and IV formed clusters 
separately (Wada et al, 2000). The PO-GLLKO strain has the NAG aphid transmissibility 
conserved motif but some motif substituted strains seen in database, although loss of 
transmissibility in strains is possible because of the natural selection pressure or repeatedly 
mechanical transmission causing mutation. Presumably, these strains are not aphid 
transmissible, but this remains to be tested experimentally. The N-terminal domain of the 
PO-GLLKO strain has been foimd shorter than the reported one which may be due to the 
heterogenecity of the filamentous virus-like particles (VLPs) (Edwards et al, 1994; 
Hammond et al, 1998; Jagadish et al, 1991; Joseph and Savithri, 1999). Moreover, the 
surface-exposed amino- and carboxy-terminal residues are dispensable for the assembly of 
potyviruses (Jagdish et al, 1993). The resuhs validate the presence of unique residues in 
N-terminal domain and potential use of these sequence differences as location specific 
markers for different strain remains to be exploited. The PO-GLLKO strain has the 
conserved Thr amino acid residues at position 213, 248, 253, 257, and 267 in the C-
terminal region which may be involved in the CP phosphorylation and regulation of the 
virus infection cycle Ivanov et al (2001). Mutation in these consensus sequences of CP 
cause the loss of infection cycle (Ivanov et al, 2003). The strain PO-GLLKO also 
exhibited conservation of R194, D238, R154, and D198 amino acids; this has validated 
their importance in core region of CP involved in salt-bridge formation in virus assembly 
(Jagadish et al, 1991, 1993) and particle formation (Dolja et al, 1994, 1995). Moreover, 
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mutation in natural environments leads to any change at the amino acid which may abolish 
the fitness. 
Two motifs, KITC and PTK, involved in aphid transmission have been located within the 
HC-Pro of full genome sequenced BYMV strains showing HC-Pro/P3 sequence homology 
to the PO-GLLKO strain. The analysis revealed the N-terminal KITC-like motif of other 
potyviruses substituted as RITC in the all reference BYMV strains. The similarity between 
the RITC and PTK motifs of the BYMV analyzed strains indicated the similar aphid 
transmission mechanism. Examination of the predicted proteolytic cleavage sites showed 
that the amino acid sequence at each site was well conserved in the PO-GLLKO strain. The 
predicted HC-Pro cleavage site YYRVG/G is identical almost in all reference BYMV 
strains, and is consistent with the YxVG/G identified in TEV (Carrington and Hemdon, 
1992). 
The 3'-UTR of strain PO-GLLKO was analyzed and exhibited the 100% identity with the 
necrotic spot group (S-22N and E-24N) in contrast to the chlorotic spot group (S-22C and 
E-92C) (Wada et al, 2000). The observation also validated that the PO-GLLKO strain 
induced necrotic local lesions on the diagnostic host and suggests that as a necrotic strain 
of BYMV. This conclusion also strengthen in Tobacco vein mottling virus (TVMV), the 
3'-UTR of the genome can affect the induction of symptom severity in Nicotiana tabacum 
plants (Rodriguez-Cerezo et al, 1991). Phylogenetic determination based on CP. HC-
Pro/P3 amino acid and 3'-UTR sequences placed PO-GLLKO within the BYMVMBG 
subgroup. Although PO-GLLKO was originally isolated from Gladiolus, cluster 
dendrogram based on the CP amino acid sequences showed that it is closer to the 
BYMVMBG subgroup than to BYMVGDD. This was further confirmed by the 3'-UTR, 
strain GDD has one single nucleotide insertion, and five single nucleotide deletions in the 
same position with respect to BYMVMBG group (Hammond and Hammond, 2003). PO- / / 
GLLKO also shared closest homology with BYMV strains of Vanilla fragrans from / / 
Kamataka, India (Accession No. AAX-54480 and AAX-54481). These two are the only/ 
complete CP sequenced BYMV strains from other hosts, to date, from India. On the basi^ 
of data, analysis PO-GLLKO is considered to be a strain of the BYMV MBG subgroup. 
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4.1. Introduction 
Cucumber mosaic virus (CMV) is the type member of the Cucumovirus genus and infects 
more than 1000 plant species encompassing 65 families, including monocotyledonous as 
well as dicotyledonous plants (Palukaitis et al, 1992). Among them Gladiolus, is an 
important cut flower crop of India and has great export potential for earning foreign 
exchange. Therefore, crops greatly depend on clean practice or on virus resistant varieties, 
as minor infection or damage leads to greatly reduced market value. CMV infection, 
although rarely disastrous by themselves, cause great problems in the growing of Gladiolus 
crop in combination with other viruses. The complete nucleotide sequences of the genomic 
RNAs of several strains from different host have been reported and classified into two 
major subgroups as subgroup I and II on the basis of biological and serological properties 
and nucleotide sequence homology (Palukaitis et al, 1992; Roossinck et al, 1999). 
Preliminary characterizations of the various CMV strains infecting economically important 
crops have been reported regularly from India (Srivastava and Raj, 2004). However, 
systematic and concerted efforts have not been taken till date characteristic of CMV strains 
infecting Gladiolus except a study reported by Raj et al (2002). Indeed, detailed sequence 
analysis based characterization and molecular variability have not been carried out so far. 
Therefore, the current study is focused on characterization of Gladiolus infecting CMV 
strain. ^ ^ ^ - " • ^ ^ 
4.2. Material and methods ^ . f . C*^ ' 
4.2.1. Sample collection and detection of CMV 
EIBA based diagnosis of infected Gladiolus plants exhibiting typical symptoms of mosaic 
leaves (3.2.1) was also revealed the association of CMV with BYMV. For maintenance 
and propagation of CMV strain infecting Gladiolus, tobacco plants (Nicotiana rustica) at 
the three to five-leaf stages were mechanically inoculated by infected leaves sap extracted 
in phosphate buffer (2.1.11.3). 
4.2.1. Propagation and purification of CMV virion particles 
Virus propagation was done in N. rustica by mechanical inoculation for purification of 
virus particles. The plants were harvested after 15-20 days inoculation and leaves were 
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frozen at -80°C until use. CMV strain was purified following the procedure originally 
described by Lot et al. (1972). 
In brief, systemically infected 200 g leaf tissues were ground in liquid nitrogen and 
homogenized in a blender with extraction buffer in the ratio 1:3 (w/v) and then filtered 
through three layers of cheesecloth. The filtrate was clarified by addition of one volume 
Extraction buffer 
500 mM 
5.0 mM 
0.5 % (v/v) 
pH6.5 
Sodium citrate 
EDTA 
Thioglycolic acid 
Virus buffer 
5.0 mM 
0.5 mM 
2.0 % (v/v) 
pH9.0 
Boric acid 
EDTA 
Triton X-100 
pre-cooled chloroform (4°C), and centrifuged at 3,000 rpm (4°C) for 20 min in GSA rotor. 
Virus was precipitated from the aqueous phase with 10% PEG-6000 (w/v) by gently 
stirring for 30-45 min at 4°C and sedimented by centrifiigation at 11,000 rpm for 15 min at 
4°C in SS-34 rotor. The pellet was resuspended in 50 ml virus buffer and stirred for 30 min 
at 4°C and centrifiiged at 14,500 rpm (4°C) for 15 min. The supernatant was fiirther 
centrifiiged at high speed 32,000 rpm at 4°C for 3 h in Ti-70.1 rotor. The virus pellet was 
dissolved in nuclease free water, OD was determined at .260nm and the concentration 
determined assuming an extinction coefficient of 5.0. Purified virus was stored in 50% 
glycerol at -80 C and infectivity of purified preparation was tested on A^ . rustica plants by 
mechanical inoculation. Aliquots were taken for electron microscopy, SDS-PAGE and 
EIBA analysis. 
u-^U--^ ^^ 
^AAM 
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4.2.2. Electron microscopy 
The electron microscopy of purified preparation of virus was carried out by using negative 
staining with uranyl acetate (2%, pH 4.2) following the method described by Aminuddin et 
a/. (1999) (3.2.3). 
4.2.3. Determination of molecular weight of capsid protein and EIBA 
Molecular weight (Mw) of coat protein (CP) was determined by SDS-PAGE (2.2.3). In 
brief, the total protein of 100 mg infected leaves (naturally infected or mechanically 
inoculated) (2.2.4) and purified virus was subjected to denaturation in equal volume of 
SDS gel-loading buffer (2.2.3). The denatured virus CP was separated through SDS-PAGE 
in 12% polyacrylamide gels at pH 8.8 along with medium range prestained protein 
markers. The gel was then stained with Coomassie Brilliant Blue R-250 for 30 min and 
destained (2.2.3). 
For EIBA, the separated proteins were transferred from the gel to a NC membrane using 
electro-blotting with a transfer buffer (3.2.6). The membrane was incubated in blocking 
buffer for 90 min, washed once in TBS-T and incubated at 4°C for 2 h with a polyclonal 
antiserum CMV-S (PVAS-242a, ATCC, USA) specific to the CMV (2.1.8). The blot was 
then washed four times in TBS-T before being incubated in a 1:3000 dilution of alkaline 
phosphatase-labeled goat anti-rabbit antibody (2.1.8) for 2 h and incubated in substrate 
buffer (2.2.4). 
4.2.5. RNA isolation and RT PCR of CP and MP genes 
Total RNA was extracted from leaf tissue of CMV infected Gladiolus plants following the 
method of Singh et al. (2000) (2.2.5 and 2.2.6). Total RNA (2 |ag) was used as template for 
cDNA synthesis. First strand cDNA synthesis was initiated with gene specific down stream 
primers BR2 and BRMD complementary to the 3' region of CP and MP genes, respectively 
(Fig. 2A). The RT reaction was carried out with reverse transcriptase and subsequent 
cDNAs were PCR amplified (2.2.7) using 30 pmol each of primers BRl and BR2; BRMU 
and BRMD (2.1.6). PCR amplification conditions included an initial denaturation cycle of 
5 min at 94°C followed by 35 cycles of denaturation for 1 min at 94°C, annealing for 30 
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sec at 56°C and extension for 1 min at 72°C, with a final extension of 7 min at 72°C. The 
amplified CP and MP genes were analyzed on 1.5% agarose and documented (2.2.8). 
4.2.6. Cloning and sequencing of the CP and MP genes 
For cloning and sequencing of PCR CP and MP gene amplicons were gel purified using a 
Gel Extraction kit (2.2.9) and cloned into plasmid cloning vector (2.1.5) according to the 
manufacturer's instructions (2.2.10 to 2.2.15). CP and MP gene specific clones carrying 
cDNA inserts 660 bp and 840 bp, respectively were confirmed by PCR, dot blot 
hybridization and EcoR I restriction analysis (2.1.6, 2.1.16 and 5.2.3). Clones harboring 
inserts of suitable length were sequenced with SP6 and T7 sequencing primers by the 
dideoxynucleotide chain- termination method (2.2.17). The sequence data were analyzed 
using manually or standard softwares. Phylogenetic trees were constructed using the 
neighbour joining method, and the statistical significance of the branching order was 
estimated by 1000 replications of bootstrap resampling of the original nucleotide and 
amino acid sequence alignments by ClustalW (2.2.18). Further analysis and molecular 
modeling were performed using standard tools. 
4.3. Results 
The diagnostic survey of mosaic disease of Gladiolus by EIBA revealed the presence of 
CMV with BYMV (Fig. 1 A). Mechanical inoculation of isolate resulted in a successful 
transmission from Gladiolus to propagating host N. rustica. Purified virus preparations 
were found infectious when tested on A^. rustica. SDS-PAGE and EIBA of purified virus 
preparations revealed Mw of capsid protein -24 kDa (Figs. 1 B and C). The electron 
micrograph of purified preparations showed plenty of isometric virion particles of 28-29 
nm diameters with a central core (Fig. 1 D). Further, molecular characterization of CMV 
strain was done by comparing CP and MP genes. Complete ORFs of CP and MP were 
successfiiUy amplified by self-designed gene specific primers by RT-PCR. The amplicons 
of 657 bp and 840 bp were obtained (Figs. 2 A, B and C). The amplicons were successfully 
cloned in plasmid cloning vector and presence of the desired genes inserts in recombinant 
clones were validated through PCR, dot blot hybridization and restriction analysis. The 
restriction digestion of clones with the inserts of CP and MP genes suggested the absence 
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of internal EcoR I sites. The positive clones were further confirmed by dot blot 
hybridization with homologous probes (Fig. 2 D). The positive clones were sequenced, by 
blastn and blastp analysis performed. The CP and MP genes of our strain CMV-GLLKO 
showed the highest sequence homology with the other CMV strains (Tables 1 to 4). The 
sequenced CP and MP genes were translated into amino acid sequences which were found 
to be of 657 and 840 nucleotides in length respectively (Figs. 3 and 4). 
Comparative amino acid sequence analysis of CP and MP showed that the Gladiolus 
CMV-GLLKO strain shared 100% to 79.7% and 99 to 90% identities with all CMV Indian 
strains, respectively. The CP and MP of the strain was found identical in length of their 
deduced amino acid sequences with Subgroup I Indian CMV strains, except MP of tomato 
strain from Lucknow. The CP and MP of strain showed amino acid sequences divergence 
only at certain positions (Figs. 5, 6, 8 and 9). However, conserved region search of the CP 
and MP revealed presence of 10 and 8 consensus regions from the position 39-217 and 7-
204, respectively (Tables 5 and 6). But N-terminal CP and C-terminal of MP regions in 
CMV strains did not show the presence of consensus sequence region because of the 
presence of LCR (low conserved regions) in the Indian CMV strains from position 6-34 
(Fig. 7). However, MP of the CMV-GLLKO did not show any LCR. The amino acid lysine 
(127) proline (129) and alanine (162) were conserved in CP of all Indians CMV strains, 
except strain (CA168015) which exhibited the substitution of A162S (Fig. 6). 
Secondary structure prediction of CMV-GLLKO strain showed that out of 217 amino 
acids, 35.2% has the propensity towards alpha helix, 15.60%) will form-b sheet and rest 
will fall under loop region (Fig. 10 A). However, CMV Fny strain showed slight difference 
in secondary structiire at helix (34.40%)) and loop regions (50.0%)). In contrast to CP, MP 
revealed that out of 279 amino acids, 26.16% has propensity towards alpha helix, 20.99% 
will form b-sheet and 53.05% fall under loop region (Fig. 10 B). Moreover, CPs of the 
Gladiolus strain as well as other Subgroup I CMV strains contains conservative 
asparagine-glycosylation, amidation, protein kinase C (PKC) and casein kinase II (CK II) 
phosphorylation at functional sites (Fig. 5). MP showed the presence of cysteine and 
histidine region (126-194) along with the overlapping RNA binding domain (174-233) 
(Fig. 9). 
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The complete CP and MP of the GLLKO strain and Indian reference strains from the 
NCBI database were used to calculate the phylogenetic relationship. The phylogenetic 
analysis revealed the distribution of the strains in subgroups, lA, IB and serotype II (Fig. 
11). CMV-GLLKO shows very close evolutionary ties to subgroup lA CMV Fny strain 
(D28780) with other lA Indian strains from the lily and chrysanthemum on the basis of 
amino acid analysis. Likewise, some Indian strains show very close evolutionary ties to 
subgroup II strain CMVQ AB008777. The unrooted tree showed a small polytomy in II 
and lA cluster and a large heterogeneous cluster, which contained the subgroups IB. Close 
examination of the subgroup IB cluster, to which most of the Indian strains belong, 
revealed that within subgroup IB there are several independent clusters with high bootstrap 
support as seen for strains from India (Fig. 11). To confirm the formation of these 
additional subgroups, a more detailed phylogenetic analysis with a larger number of 
sequence data was carried out to construct a complex phylogenetic tree. The topology of 
this tree was essentially identical with that in Fig. 4. However, with more internal 
branching within the groups exhibited and in summary, the groups have identical 
relationship patterns to the complete analysis; Indian strains formed 4 additional more 
independent clusters within subgroup IB. To find out any possible relationship between the 
CP and the original plant host, the sequences of CMV strains, whose original hosts were 
known either from the database or from the literature. The results showed that the CP 
genes had no relationship with most of the original hosts, except some strains from lily, 
banana, piper and gladiolus. Two single conservative clusters with high bootstrap support 
in subgroup lA including a Lily strain cluster could be defined, which was consistent for 
all 4 sequences of Lily strains reported up to date. The Gladiolus strains cluster, which 
consisted of the all of the CMV infecting gladiolus strains, belonged to the subgroup lA, 
except the L36525 (Fig. 11). 
The almost full length sequence of the MP gene of Gladiolus CMV-GLLKO strain 
including reference strains from the NCBI database were used to calculate the phylogenetic 
relationship. However, most of the Indian strains on the basis of nucleotide and amino acid 
belong to the subgroup lA in contrast to CP genes most of the Indian strains grouped into 
the subgroup IB. The topology of the MP based phylogenetic trees entirely different from 
the CP with three clusters within the subgroup lA was obtained (Fig. 12). Close 
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examination of the subgroup lA cluster revealed that the subgroup lA, which are some 
extent consistent with the geographical and host origin, with high bootstrap support as seen 
for strains from Banana and Tagetus. The detailed phylogenetic analysis with a set of 140 
MP sequences confirmed the similar existence of Indian CMV strains. 
3D structure based fold recognition study exhibited 99% to 18% identity with estimated 
precision of 100%, except that the clcwpa showed only 65%. Consensus functional sites 
were mapped on respective models (Table 7). Fold recognition search for domain 
identification of MP revealed the 3D homology with the different proteins viz. aerosilin, 
porin, galactose binding domain, periplasmic binding protein etc, without much significant 
estimated precision (Table 8). 3D structure of CP of CMV-GLLKO was constructed by 
homology modeling using X-ray crystallographic structure of the Fny-CMV CP subunit B 
as a template. 3D Model for strain CP was built and verified by the molecular modeling. 
The model has 7593.38 kcal/mol energy and their ramachandran plot qualities show the 
amoimt (%) of residues belonging to the 0.6% disallowed region of the plot. The rms 
deviations (A°) from template backbone 0.764 values indicated the overall deviation of the 
3D structure from the template (Figs. 13 to 15). On the other hand, 3D structural analysis 
of MP was not carried out due to the absence of X-ray crystallographic structure in 
database. 
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26kDi 
20.0 kDi 
M S 
-
V ~24kDa 
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particles 
Fig.l. (A) and (B) SDS-PAGE and EIBA of the purified virus preparation of CMV-
GLLKO strain respectively. 
M- Prestained protein molecular weight marker. 
S- SDS-PAGE of the purified CMV-GLLKO virus prepration showing the CP subunit Mw 
~24kDa. 
E- EIBA showing the cross reaction with the CMV-S antiserum (PVAS-24 2a, ATCC). 
(C) Electron micrograph of the purified virus preparation of the strain CMV-
GLLKO showing viron particles. / -> 
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Genomic RNA3:2,164nt 
5'cap 
BRMU i BRMD Sub genomic RIIA t75 nt 
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BRl 
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BR2 
B 
M PI Rl 
L\ 
M P2 R2 R3 
D 
840 bp 
•657bp 
• • f t 
Fig.2. (A) RNA 3 organization of the CMV and targeted genes in this study; (B) 
Different gene specific primers based RT-PCR amplification strategy of the 
CMV-GLLKO strain genes and their positioning of priming regions; (C) 
Agarose gel electrophoresis of the amplified MP and CP genes. 
M- Lambda DNA/£coRI+ Hindlll DNA molecular weight marker. 
PI- RT-PCR amplified MP gene of the CMV-GLLKO strain. 
P2- RT-PCR amplified CP gene of the CMV-GLLKO strain. 
Rl- £coRI digested recombinant clone containing MP gene insert. 
R2 and R3- EcoRl digested recombinant clones containing CP gene inserts. 
(D) Homologous probe based dot blot hybridization of the recombinant clones. 
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jMet Asp Lys Ser Glu Ser Thr Ser Ala Gly Arg Asn Arg Arg Arg 15 
3T CCG CGT CGT GGT TOO CGC TCC GCC CCC TCC TCC GCG GAT GCT 90 
eg Pro Arg Arg Gly Ser Arg Ser Ala Pro Ser Ser Ala Asp Ala 30 
C^ TTT AGA GTC TTG TCG GAG GAG CTT TCG CGA CTT AAT AAG ACG 135 
%n Phe Arg Val Leu Ser Q^^jg^^^j^^^j- ;^g x,eu p^^j^j^ggg^^^j^ 
TTA GCA GCT GGT CGT CCA A C T ' S T r A A C CAC CCA ACC TTT G T i T T ^ S - • "TSff 
Ser Glu Arg Cys Arg Pro Gly Tyr Thr Phe Thr Ser lie Thr 
AAG CCA CCA AAA ATA GAC CGT GGG TCT TAT TAC GGT AAA AGG TTG 270 
s^ Pro Pro Lys lie Asp Arg Gly Ser Tyr Tyr Gly Lys Arg Leu 90 
TA CTA GCT GAT TCA GTC ACG GAA TAT GAT AAG AAG CTT GTT TCG 315 
ISiiiiii i iaiitiMliiyMiHtfiito^taM^ 
1 Trp Val Thr Val Arg Lys Val Pro Ala Ser Ser Asp Leu Ser 135 
10.6 GTT GCC GCC ATC TCT GCT ATG TTC GCG GAC GGA GCC TCA CCG GTA 450 
il Ala Ala lie Ser Ala Met Phe Ala Asp Gly Ala Ser Pro Val 150 
^ ^ ^ ^ • G GTT TAT CAG TAT GCC GCA TCT GGA GTC CAA GCC AAC AAC AAA 495 
l ^ T . i t i i ^ . t i a m^^^Mm emmiU GCG ATG CGC GCT GAT ATA GGT GAC ATG U d 
^£^i,- .I .^u,-j .eu.-lyj-- Asp L e u - a e j -Ala -ttefc-.^x^ JU.jt- Asp- 3;ie--GXyT,Asft ^JeA-^i&Qi 
tg Lys Tyr Ala Val Leu Val Tyr Ser Lys Asp Asp Ala Leu 
586 ACG ACG GAG CTA GTA CTT CAT GTT GAC ATC GAG CAC CAA CGC ATT 630 
ir Thr Glu Leu Val Leu His Val Asp lie Glu His Gin Arg H e 210 
P^-- CCC ACA TCT GGG GTG CTC CCA GTT TAG 1^1 
i^ig.3. Nucleotide and translated amino acid sequence of strain CMV-GLLKO CP gene. 
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46 GCG GCT ACG TCT GAC GAT CTT CAA AAG ATA TTA TTT AGC CCT OAA M 
Ala Aia Tfar Ser Asp Asp Leu Gin Lys lie I.eu Ehe Sex JPro glu jj 
• ^ l a 
ft TGG 
• Trp 
^PAA 
^ ^ ^ 
76 
31_6 . 
9tt 
136 
496 
Asp 
jj^al 
TCT 
pSer 
CCC 
Ala 
^ T T 
pile 
GGT 
lie Lys Lys Met Ala Thr Glu Cya 
ATG CGC GCT GAT AAT GCT ATT TCA 
Met Arg Ala Asp Asn Ala lie Ser 
GTA ACQ CAC GGT CGT ATT GCT TCC 
Asp Leu Gly Arg His H i s ^ ^ | 
GAC CGG CCC CTC GTT CCC ^ ^ 1 
Asp Arg Pro Leu Val Pro,^^^ 
TTC TTT AAG TCT GGA TAT ^M 
Val Gly Glu Leu Cys Ser Lys Gly Tyr Met Ser Val Pro Gin ^ 
^ K TGT GCT GTT ACT CGA ACA GTT 
Leu Cya Ala Val Thr Arg Thr Val 
TTG_AGA ATT TAG TTA GCT GAT TTA 
ATA •i5MH3ge--€ftft-^ee- erp T C G T T A 
Leu Val Ser Phe Gin Pro Thr Tyr 
GGG AAT CGT AAG CGG TGT TTT GCT 
Gly Asn Arg Lys Arg Cys Phe Ala 
TAC ATT GGG TAT ACC GGT ACC ACA 
TCC ACT GAT GCT GAA G G G f l H 
Ser Thr Asp Ala Glu Gly lO^ 
GGC GAC AAG GAG TTA TCT 381 
Asp Cys Pro Met Glu Thr 1 ^ 
GTC GTT ATC GAA AGA CAT iSM 
Val Val H e Glu Arg His 13| 
GCT AGC GTG TGT AGT AAT 54f 
I ^ T , Trp Gin Ala Arg Phe Ser Ser Lys Asn Asn Asa•.S^^^rXh^aiiy.arTJfcfcft,HHJISI 
• 
?56 
•GCA 
^ l a 
•CAA 
|Gln 
AAC 
Asn 
^ ^ n 
BCCT 
Pro 
GCT GGG AAG ACT CTA GTA CTG CCT 
Ala Gly Lys Thr Leu Val Leu Pro 
ACA AAA CCG TCA GCT GTT GCT CGC 
Thr Lys Pro Ser Ala Val Ala Arg 
AAC ATT GAA TCT TCG CAA TAT CTG 
Gin Asn Ala Arg Ser Glu Ser Glu 
CCC GCC GCA ATC GGG AGT TCT TCC 
Pro Ala Ala lie Gly Ser Ser Ser 
Phe Asn Arg Leu Ala Glu 2:^ 
CTG TTG AAG TCG CAA TTG 67| 
Leu Leu Lys Ser Gin Leu 22f 
TTA ACG AAT GCG AAG ATC 72J 
Asp Leu Asn Val Glu Ser 25f 
GCG TCC CGC TCC GAA GCC Slfl 
Ala Ser Arg Ser Glu Ala 27| 
FTC AGA CCG CAG GTG GTT AAC GGT CTT TA^ 
il Asn 
Fig.4. Nucleotide and translated amino acid sequence of strain CMV-GLLKO MP 
gene. 
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Fig.5. ClustalW alignment of the amino acid sequences of CP of the CMV-GLLKO 
strain with other reference CMV strains and identification of some functional sites. 
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Fig. 6. Amino acids identity matrix of the CP of the strain CMV-GLLKO with reference 
strains. 
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Fig.7. Showing the low complexity region (LCR) in the CP of the strain CMV-
GLLKO and other reference strains. 
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**** **** ******** ** *** 
Fig.8. Clustal W alignment of the amino acid sequences of MP of the strain CMY-
GLLKO with inaian rererence sirams. 
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Table.5. Consensus regions in the CP of CMV-GLLKO strain. 
Regions Consensus Segment Average 
Length entropy 
(Hx) 
1 39-LSRLNKTLAAGRPTINHPTFVGSERC-64 26 0.0067 
2 66-PGYTFTSITL-75 10 0.0000 
3 83-GSYYGKRLLLPDSVTE-98 16 0.0217 
4 lOO-DKKLVSRIQ-108 9 0.0192 
5 llO-RVNPLPKFDS-119 10 0.0000 
6 129-PASSDLSV-136 8 0.0000 
7 138-AISAMFADGASPVLVYQYAASGVQA 34 0.0204 
NNKLLYDLS-171 
8 173-MRADIGDMRKYAVL-186 14 0.0371 
9 188-YSKDDALET-196 9 0.0192 
10 206-EHQRIPTSGVLP-217 12 0.0433 
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Table.6. Consensus regions in the MP of CMV-GLLKO strain. 
I Regions Consensus Segment Average 
Length entropy 
(Hx) 
1 7SRTLTQQSSAA17 11 0.0000 
2 38ECDLGRHH45 8 0.0000 
3 82SKGYMSVPQVLCAVTRTVSTDAEGSL107 26 0.0000 
4 109IYLADLGDKELSPIDGQCV127 19 0.0000 
5 139SFQPTYDCPME149 11 0.0000 
6 163ERHGYIGY170 8 0.0000 
7 172GTTASVCSNWQA183 12 0.0000 
8 196AAGKTLVLP204 9 0.0000 
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Fig. 11. Phylogenetic relationship of strain CMV-GLLKO based on CP amino acid 
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construct the tree topology. All bootstrap values of 45% or greater are indicated on the 
tree. The scale bar indicates the numbers of amino acid substitutions per site 
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Fig. 15 (A). Ribbon model of the Gladiolus infecting CMV-GLLKO CP developed using 
In- Silico based molecular modeling. The structure verified with CMV-Fny, sheets are 
colored yellow, helices are pink and turns are blue. 
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Fig. 15 (B). CP model electrostatic potential of the Gladiolus infecting CMV-GLLKO 
strain. 
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4.4. Discussion 
Cucumber mosaic virus (CMV) is an economically important pathogen on Gladiolus in 
India and world over. Interestingly, till date the plants resistant to this virus have not 
reported. Indeed, for generation of virus resistant transgenic plants, virus characterization 
is a prerequisite. Limited studies on partial chrecterization of CMV from Gladiolus have 
prompted us to undertake a systemic investigation. For this purpose, the CMV strain was 
collected from Gladiolus field and characterized employing immunological and molecular 
tools. Characterization and differentiation of CMV subgroups based on biological and 
serological methods have been reported (Cai et al, 1989; Haase et al, 1989; Porta et al, 
1989; Hsu et al, 2000). However, these methods have been found unsatisfactory for the 
authentic characterization of the CMV strains and the assessment of the variability within 
subgroups (Huttinga, 1996; Letschert et al, 2002). Lately RT-PCR, a highly sensitive 
technique, has been used for characterization and differentiation of viruses as compared to 
the biological and serological methods (Rizos et al 1992; Velasco et al, 2002; Boonham 
et al, 2002). In this study RT-PCR has been exploited for characterization of the CMV-
GLLKO strain based on CP and MP genes amplification and sequence homology. 
The phylogenetic analysis revealed that the CMV-GLLKO strain infecting the Gladiolus 
belongs to the subgroup I. Based on the biological, serological and nucleic acid properties, 
CMV strains have been placed into two main subgroups, commonly referred as subgroup I 
and II (Palukaitis et al, 1992). Our results also indicated that the subgroup I strains are 
prevalent in India, which is in good agreement with the findings of Yu et al (2005). It 
could possibly be due to the reasons such as high temperature in tropical and subtropical 
regions (Haase et al, 1989), host plant (Hristova et al, 2002) and prevalence of certain 
aphid species in certain niches, which may favour the speciation of subgroups. However, 
no data for vector species and their ability for transmission of the CMV in the respective 
regions fi-om India are available till date. Moreover, occurrence of subgroup II strain has 
also been reported from the India and other Asian countries (Daniels and Campbell, 1992; 
Crescenzi et al, 1993; Perry et al, 1993; Rodriguez-Alvaro et al, 1995; Fraile et al, 1997; 
Sharma et al, 2005). 
The subgroup I strains have been further classified into subgroups lA and IB based on CP 
sequences (Roossinck et al, 1999). The phylogenetic analysis of CMV-GLLKO and 
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reference strains viz. CMV-Fny (Subgroup lA), CMV-NT9 (Subgroup IB) and CMV-Q 
(Subgroup II) based on CP and MP genes revealed that strain CMV-GLLKO belongs to 
subgroup lA while most of the reference Indian CMV strains with CP gene belong to 
subgroup IB. The data exhibited a subtle pattern of divergence as also reported by 
Roossinck (2002). Further analysis of the subgroup lA suggested that the strain CMV-
GLLKO is related to well characterized strain Fny (99% identity). However, three CMV 
Indian strains (CAL48248, CAL28408 and CAE1065)(^er^elonged to subgroup II. 
The phylogenetic analysis based on MP gene to some extent validated the results of the CP 
gene based analysis. In contrast to CP gene, most of the Indian strains based on 
phylogenetic tree topology of MP genes were grouped in subgroup lA. In general, 
subgroup IB and II were regarded as monophyletic while the subgroup lA is polyphyletic 
with three distinct clads representing two to four strains in each clad. The data suggest that 
the subgroup IA could be further categorized in subgroup lAi containing the CMV strains 
from Banana from different parts of the Indian subcontinent and subgroup IA2 dicot plants 
infecting strains viz. Rauvolfia, Chrysanthemum, Datura and Amaranthus. Our results 
fiirther sub-fractionated the subgroup lA with respect to strain CMV-GLLKO into 
subgroup I A3. The strain shares this subgroup with CMV-Fny, owing to the fact that the 
two exhibit 99% sequence homology. These results suggest the relatively higher rate of 
evolution of strain belonging to subgroup lA. This corroborates well with the observation 
of Roossinck et al. (1999). The study also suggested that the evolution of CP and MP 
genes of the Indian CMV strains have followed different genetic path as CP is mainly 
falling in subgroup IB and MP belongs to lA. Since CP is not directly involved in host 
specificity as compared with MP, which predominantly interacts with host components 
such as plasmodesmeta (Ding et al, 1995b) and influence virus cell-to-cell movement 
(Canto et al, 1997). The genetic variability has been found to be much higher in CMV 
strains based on evolutionary relationship with respect to MP gene. Also, the interaction of 
CP with the vector has been reported to be minimal (Edwardson et al, 1991; Palukaitis et 
al, 1992) and therefore, exhibiting weaker specificity. As a result, more than 85 aphid 
species could easily transmit CMV to hosts. This corresponds to the data obtained with 
phylogenetic analysis where no host-specific clads with CMV strains based on CP were 
established. It is, therefore, clear that the evolutionary constraints on MP are much higher 
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than CP as also suggested by Roossinck (2002). The reason that CMV appears to be a 
rapidly evolving virus (Roossinck et al, 1999; Schneider and Roossinck, 2000, 2001) 
whose mutation frequency is presumed to be higher than that of other plant viruses 
(Schneider and Roossinck, 2000, 2001). This is attributed to its high degree of population 
variation and its segmented genome (Rodriguez-Alvardo et al, 1995; Roossinck, 1997). 
The data also revealed that non-positive (76, 82 and 137) and positive selection (25, 76 and 
214) amino acids in the CP of CMV-GLLKO strain are conserved, which is indicative of 
the strain natwe. However, some degree of substitution in positively selected sites has been 
reported within subgroups pertaining to different structural domains of CP (Wikoff et al, 
1997; Smith et al, 2000). Perry et al (1998) also suggested that substitution in these 
amino acids in subgroups lA and IB affects the aphid transmissibility of the strain. Smith 
et al (2000) have reported that these amino acids are buried in the folded CP or between 
subunits in assembled virions. Thus, the variations at these positions indirectly influence 
the CP structure and CMV fitness. Although, the amino acid at position 25 has been 
reported to be conserved in CMV-GLLKO strain, a substitution at this position in 
subgroup IA in CP of CA168014 and CA184629 strains elicits a substantial structural 
change in proteins, which ultimately may influence virus transmission. 
It is well known that the pathogenic processes need the involvement of more than one 
protein (Palukaitis et al, 1992; Salanki et al, 1997; Palukaitis and Garcia-Arenal, 2003). 
CP and MP of the virus play an important role during the pathogenesis process. The direct 
and coordinated interactions between these proteins are essential for host specificity and 
pathogenicity. Lack of coordinated functions of CP and MP will cause the differences in 
the virulence. In CMV-GLLKO strain reassortment of CP and MP between subgroup lA 
and IB was not detected. However, some reference Indian strains from different hosts such 
as Banana, Amaranthus, and Black piper^  exhibited the reassortment of CP and MP genes 
between subgroups IA and IB. These results correspond with the earlier reports on natural 
reassortants between subgroup lA and IB (Fraile et al, 1997; Roossinck, 2002; Lin et al, 
2004). The data also suggest that the genetic exchange by natural reassortment of viral 
proteins is an important source of genetic variation. 
The In-Silico functional analysis of the CP of the CMV-GLLKO strain revealed the 
conservation of the proline amino acid residue at position 129. The availability of X-ray 
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crystallographic CMV structure facilitates reinterpretation of biological and genetic data on 
the roles of specific amino acids in the CMV capsid protein. Suzuki et al. (1995) 
demonstrated that the mutations at position 129 affect the function of the individual 
subunit during host infection and induce a striking chlorosis in infected plants, presumably 
due to a profound disruption of chloroplast function. The PI29 residue may also be 
essential for aphid transmission (Perry et al, 1998) and efficient virus movement in squash 
(Wong et al, 1999). Wikoff e/ al (1997) suggested that the P129 lie in the loop between E 
and EF and not directly involved in any interface interactions. However, exposure of the 
CP to solvent exposes the residue and makes it accessible to host or vector interactions. 
The PI29 residue also has the importance for position EF in the proper orientation for 
subunit interactions. Also, amino acid residue at position 127 was found conserved in 
CMV-GLLKO strain. This 127 amino acid has been reportedly essential for acid-base 
interaction through proximal lysine amino acid residue. Similarly, alanine 162 was also 
found conserved in the CMV-GLLKO strain. This amino acid is important for aphid 
transmission and any mutations at this residue point profoundly affect the loss in capsid 
stability due to disruption of the loop connection between the N-terminal helix and B 
subunit (Smith et al, 2000). They have also suggested that the changes in amino acids 
residues (129 and 162) offer a selective advantage in populations of the virus passages 
mechanically in the absence of an aphid vector. 
In-Silico identification of the functional sites in CP indicated that the CMV-GLLKO strain 
exhibited conserved phosphorylation site. The phosphorylation state of the CP influences 
the host response mechanism (Gellert et al, 2006). However, the LCR region identified in 
the CMV-GLLKO strain at the N-terminal domain has the basic amino acid residues. It 
has been reported that deletion of the first 12 amino acids in the basic region does not 
disrupt virion formation (Schmitz and Rao, 1998). The CP stabilizing amino acids D81, 
LI66, and Ml73 as reported by Kaplan et al (1998) have also been found to be conserved 
in CMV-GLLKO strain. These amino acids stabilize the capsid by increasing the columbic 
interactions, and mutation at these sites destabilizes the virion particles. The predicted 3D 
model of CMV-GLLKO suggested that D81 lies near the H-I external loop and involved in 
aphid transmission rather than subunit interactions. 
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On the contrary, the functional analysis of the MP of the CMV-GLLKO strain revealed the 
presence of potential zinc-binding domains in the central domain. Ding et al. (1995a) 
reported that the zinc-binding domain is associated with the cell-to-cell movement of viral 
RNA (Gellert et al., 2006). Besides, the zinc binding domain, which is a conserved RNA 
binding domain has also been noticed (amino acids 174 to 233) in the CMV-GLLKO strain 
adjacent to the C-terminal region (amino acids 237 to 279). This RNA binding domain is 
essential for the CP for cell-to-cell movement and, nucleoprotein complex formation and 
translation of viral RNA (Nagano et al, 1997, 2001; Kim et al, 2004; Kaplan et al, 2004). 
The domain identification data suggested that the central domain of the CMV-GLLKO MP 
possesses the Cys and His residues. Karlin and Zhu (1997) reported that Cys and His 
residues correspond to the residues in zinc-binding domains from other proteins. More 
specifically, the amino acids viz. His-130, Cys-146, Cys-157, His-165 and Cys-178 were 
found to be conserved among Indian CMV strains including the CMV-GLLKO. Tremblay 
et al (2005) demonstrated that the mutation in the Cys and His residues causes phenotype 
alteration and delocalization of MP. Moreover, Sasaki et al (2006) demonstrated that these 
Cys-His amino acid residues in the central region also have the capacity to bind zinc and 
this property has been correlated with physiological activities of the virus including its 
movement between cells and disease inducing characteristics. The over all data suggest 
that the critical amino acids and domains of CP and MP are responsible for the virion 
stability and movement. They have been foimd conserved in the CMV-GLLKO strain, 
which affirms the biologically active nature of the strain. 
Viral movement proteins are central to the establishment of viral pathogenesis, and yet 
relatively little is understood about their structural and functional aspects or the host 
factors on which they depend. Fold recognition study of the CMV-GLLKO strain MP 
revealed the presence of the some potential domains such as aerosilin, porin, galactose 
binding, periplasmic binding protein, etc. The presence of these domains in the MP 
indicated some additional biological activities of the MP. These domains in the MP 
possibly help in understanding the specificity of host pathogenicity and their evolutionary 
link with non-viral proteins. Nevertheless, ftirther structural analysis of these domains is 
warranted for better vmderstanding of their roles and involvement in the processes that are 
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vital for the virus survival. Our phylogenetic analysis strengthens the view that the host 
specificity and pathogenicity of the CMV strain may be basically governed by the MP. 
The detailed characterization of CMV strain from Gladiolus suggested the predominance 
of subgroup I. However, the possibility of CMV strains from other subgroups can not be 
excluded. Therefore, a more elaborate study with a larger number of strains collected from 
different cultivars and geographical niches of India and abroad is warranted in order to 
provide the evidence for additional subgroups. This study help understand the evolution 
and population structure of CMV infecting commercial cultivars of Gladiolus. The cloned 
CP and MP genes as described in chapter-V could be further exploited as molecular probes 
for detection of the CMV for virus indexing in epidemiological research. 
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5.1. Introduction 
Gladiolus is an important cut flower plant encompassing major component of world 
floriculture industry. In India, Gladiolus is cultivated in about 6000 hactare (Nair and 
Singh, 2004). Now-a-days, in spite of its high demand in the world market, a decline in 
production and productivity has been observed (Katoch et al, 2002). About 14 viruses 
have been reported to infect various Gladiolus cultivars from different parts of the world 
(Stein et al, 1995). Of them, BYMV (Bridgmon and Walker, 1952; Fry 1953; Srivastava 
et al, 1983; Vunsh et al, 1990; Rosner et al, 1992, 1994; Bellardi and Pisi, 1985; Zaidi 
et al, 1993) and CMV, (Francki et al, 1964; Kaminska, 1976; Bing and Johnson, 1973; 
Stein et al, 1979, 1988, 1995; Kim et al, 1992; Takamatsu et al, 1994; Raj et al, 1998, 
2002) have economic impact and affection of this crop by these viruses greatly mar the 
productivity of Gladiolus crop. Though both viruses induce mosaic and streak symptoms 
on leaves as well as color breaking of flowers, but sometimes lead to overall stunting, 
flower distortion, reduced size of spike and reduction in corm production (Bridgmon and 
Walker, 1952; Magie and Poe, 1972; Raizada et al, 1989; Katoch et al, 2002; Raj et al, 
2002). It has been reported that sometimes these viruses cause latent infection (Nagel et 
al, 1983), spread through vegetative propagation from one generation to another and 
frequently result in 100% infection. Hence, in order to improve the crop productivity, 
quality of germplasm and minimizing the infection of these viruses in different cultivars, it 
is prerequisite to detect and diagnose the invading viruses. In addition, a safer method of 
producing healthy plants of Gladiolus from cormels is practically difficult as the plants are 
propagated vegetatively through their corms. The high rate of disease incidence and 
severity of the disease prompted us to apply tissue culture technique in combination with 
antiviral chemical, virazole (ribavirin) for producing virus-free Gladiolus plants. Once 
established, it is of prime importance to be able to keep the virus-free plant material 
healthy as long as possible without retesting. For both cultivars screening and production 
of virus-free propagation material originating from in vitro grown cultures, accurate and 
sensitive detection methods are also required for these viruses, when the virus 
concentration is very low. However, sufficient information is not available on 
simultaneous occurrence of both viruses (BYMV and CMV) on Gladiolus cultivars from 
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India as well as attempt has so far been made to exploit tissue culture technique for 
propagating/raising virus-free Gladiolus plants from infected tissues in combination with 
antiviral agent, virazole. Bearing in mind the issues the present investigation, deals with 
two objectives; (i) natural occurrence of these viruses on asymptomatic and symptomatic 
Gladiolus cultivars and development of sensitive detection techniques for the indexing of 
these viruses amongst the varieties of Gladiolus, (ii) indexing of viruses in the corms, 
establishment of callus tissues from apical bud of infected corm tissues and elimination of 
BYMV and CMV through in vitro chemotherapy followed by simultaneous detection of 
viruses through EIBA, NASH, RT-PCR and duplex RT-PCR. TLTTA / ? 
5.2. Materials and methods 
5.2.1. Collection of Gladiolus cultivars 
Thirty-three cultivars of Gladiolus growing in the Floriculture Division of National 
Botanical Research Institute (NBRI), Lucknow were surveyed. The infected plants of 
Gladiolus observed severe mosaic, leaf streak and color breaking symptoms. Besides this, 
apparently healthy looking Gladiolus cultivars conceiving latent infection were also 
studied. In the first instance, leaves from individual cultivar were collected and kept in 
deep freezer (-70 °C). In order to detect virus infection, leaves were used as plant material. 
The following techniques were adopted and standardized for detecting the viral antigens. 
5.2.2. Enzyme linked immunosorbent assay (ELISA) 
BYMV and CMV crude sap from 100 mg leaf tissue of each cultivar was prepared in 
extraction buffer (2.2.4) and diluted (1:500) in carbonate buffer (0.05 M, pH 9.6). To each 
well, 200 \i[ crude sap was added and plate was kept at 4 "C for overnight. The plate was 
blocked with 3% BSA for 2h at room temperature. The plate subjected to the antibodies of 
CMV-S (PVAS-24 2a, ATCC, U.S.A.) (2.1.8) and PO-GLLKO (3.2.5) separately at 
1:1000 dilutions. The plate was incubated at 37 ^C for 3 h and washed three times with 
PBST. Subsequently, the secondary antibody (2.1.8) at 1: 10,000 dilution was added to / 
each well. The plate was incubated at room temperature for 2 h and washed three times 
with PBST. Finally, 100 \i\ phosphatase substrate (p-nitrophenyl phosphate, 1 mg/ml) was 
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added to each well and the plate was incubated for 30 min at 37°C. The reaction was 
stopped by 3N NaOH and the OD was recorded at 405 run. 
5.2.3. RNA isolation and nucleic acid spot hybridization (NASH) 
Total RNA was extracted from the cultivars and virazole treated tissues by the modified 
procedure of Singh et al, (2002) (2.2.6). For performing nucleic acid spot hybridization 
(NASH) test, RNA was denatured and immediately chilled on ice, and sample was 
spotted. The RNA (-200 ng) were spotted on nylon membrane according to the 
manufacturer's instructions and fixed by UV cross linkages for 7 min. The CMV and 
BYMV specific probes were prepared from cloned CMV-GLLKO CP cDNA (pRDCM-
20) (4.2.6) and partially cloned CP cDNA of PO-GLLKO (pGLUD-3) (3.2.10) by random 
priming extension method (Fienberg and Vogelstein, 1983), using Random Primer 
Labeling Kit. Radio-labelled probes were added @ 0.5 x 10^ dpm/ml into prehybridization 
solution. Pre-hybridization and hybridizations were carried out at 65 °C for 4 h and 18 h, 
respectively. The hybridized blots were washed, twice for 15 min each in 2X SSC, IX SSC 
and O.IX SSC containing 0.1% SDS. Auto-radiographs were prepared by exposing X-ray 
film for 1-20 h at -70°C or blot was phosphoimaged using Fluor-S ^^ Multi-Imager, Bio-
Rad. 
5.2.4. Reverse transcription polymerase chain reaction (RT-PCR) 
5.2.4.1. cDNA synthesis of CMV and BYMV 
For cDNA synthesis of BYMV and CMV, 2 |ig total isolated RNA was annealed with 30 / ' V 
pmol downstream primers (PII/BR2) (2.1.6) at 70°C for 10 min. To the RT mixture (40 \x\y 
various reaction components were added (2.2.7). The reaction mixture was incubated at 
42°C for for 60 min. The reaction was stopped by heating the mixture at 70°C for 10 min. 
5.2.4.2. PCR amplification of CMV and BYMV cDNA 
CMV: cDNA product (2 )xl) was added to 25 ,^1 PCR reaction mixture (2.2.7) containing 
25 pmol of each primer (BRl and BR2) (2.1.6). The PCR parameter consisted 30 cycles of 
denaturation at 94°C for 1 min, aimealing at 52°C for 1 min and extension at 72°C for 1 
min with a pre-dwell and post-dwell 5 and 10 min at 94°C and 72°C, respectively. 
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BYMV: cDNA product (2 ^1) was added to 25 j^ l PCR reaction mixture (2.2.7) containing 
25 pmol of each primer (PI and PII) (2.1.6). The PCR parameter consisted 30 cycles of 
denaturation at 94°C for 1 min, annealing at 54°C for 1 min and extension at 72°C for 1 
min with a pre-dwell and post-dwell 5 and 15 min at 94°C and 72°C, respectively. 
5.2.5. Establishment of tissue culture 
Tissue cultures from central bud of cormels of Gladiolus psittacinus var.Hookeri cv. Red 
were established as described earlier (Aminuddin and Singh, 1993; Logan and Zettler, 
1985). The virus infected tissue maintained for a period of two years, was transferred to 
Murashige and Skoog's (MS) medium (Murashige and Skoog, 1962) supplemented with 
different concentrations of virazole (20, 40 and 60 mg/1). The calli were allowed to grow 
for a period of 6-8 weeks. A part of the callus tissue grown on this medium was excised 
and tested for the presence/absence of individual virus employing EIBA, NASH and RT-
PCR. The analytical data were an average of 10 replicates. The tissues showing negative 
tests were supposed to be virus-free. Such clones were transferred on to tissue 
differentiation medium containing half MS strength mineral salts with sucrose, vitamins 
and myo-inositol at full strength added with 2 mg/1 kinetin (Kn). Such tissues were retested 
for the presence/absence of BYMV and CMV. Cormels were obtained by culturing well 
differentiated tissues on to MS medium fortified with 0.25 mg/1 a-naphthalene acetic acid 
(NAA). The cultures set for differentiation were maintained at a temperature of 26 ± l^C 
under a 16 h photoperiod (4000 lux) provided by cool-white fluorescent tubes whereas 
unorganized (callus) cultures were kept in dark. 
5.2.6. EIBA 
Leaf tissue (50mg) collected from control, infected as well as virazole-treated tissues was 
separately homogenized in extraction buffer (2.2.4) The extracted protein subjected to 
denaturation in equal volume of SDS gel-loading buffer (2.2.3). The separation of the 
proteins was carried out on a SDS-12% polyacrylamide gel and transferred from the gel to 
a NC membrane using electroblotting with a transfer buffer (2.2.4). The NC membrane 
containing proteins was then probed with CMV and BYMV polyclonal antibodies (2.1.8 
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and 3.2.5) followed by alkaline phosphatase-labeled goat anti-rabbit secondary antibodies. 
The blot was developed using substrate and documented. 
5.2.7. Duplex RT-PCR 
5.2.7.1. Duplex cDNA synthesis 
Duplex cDNA was synthesized from total RNA isolated from virazole treated tissue. The 
primer concentration 30 pmol and 20 pmol (PII/BR2) were optimized for BYMV and 
CMV, respectively. Remaining RT mixture and conditions were similar as mentioned in 
uniplex cDNA synthesis for BYMV and CMV (5.2.4.1 and 5.2.4.2) 
5.2.7.2. Duplex primer PCR amplification 
The parameters were optimized for duplex PCR amplification and finally, 3.25 mM 
MgCl2, and 25 pmol and 20 pmol primer concentrations of BYMV (PI and PII) and CMV 
(BRl and BR2) (2.1.6), respectively were standardized. PCR parameters consisted at 30 
cycles of denaturation at 94°C for 1 min, annealing at 54°C for 2 min and extension at 
72°C for 1 min with a pre-dwell and post-dwell 5 and 10 min at 94°C and 72°C, 
respectively. 
5.3. Results 
Thirty three commercial cultivars of Gladiolus were examined for the natural occurrence of 
BYMV and CMV on the basis of symptomatology (Table 1). Symptoms on leaves and 
spikes were observed on 30 cultivars, except 3 cultivars Viz. Yellow Stone, My Love and 
Regency. However, in case of Snow Princess, symptoms were only observed on spikes. 
Indeed, 20 cultivars showed mild, 4 cultivars severe and 5 cultivars showed extreme severe 
symptoms on leaves. In contrast to symptoms on leaves, 27 cultivars have exhibited 
symptoms on spike. After thorough examination, apparently symptoms in 4 cultivars on 
leaves and 6 cultivars on spikes were not found. Furthermore, ELISA based detection 
(Table 1), NASH and RT-PCR tests revealed that all cultivars were naturally infected by 
mixed infection of BYMV and CMV (Figs. 1 and 2). 
Presence of BYMV and CMV in the infected corms was confirmed. A yellow friable callus 
formation was readily achieved from central bud slices of cormels after culturing them on 
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MS medium supplemented with growth regulators (NAA and Kn) for a period of 8-10 
weeks. Further, green areas appeared on the surface of callus tissues after 4 weeks culture 
on regeneration medium fortified with various growth regulators (Kn 2 and NAA 0.5 
mg/1). Corms were developed by culturing the well differentiated tissues on MS medium 
fortified with 0.25 mg/1 NAA. The callus tissues grew well on virazole-treated medium 
also (Figs. 3A and B). Each callus tissue lot was tested for the presence of BYMV and 
CMV through RT-PCR before subjecting to virazole treatment. The mixed virus infection 
of BYMV and CMV was also detected by employing Potyvirus degenerate primers and 
CMV CP specific primers. The infection in each lot was validated by their specific 
amplification of 330 bp and 657 bp regions of BYMV and CMV, respectively (Figs. 4A 
and B). Virazole treatment at concentration of 40 and 60 mg/1 proved to be an effective 
antiviral agent for eradication of BYMV and CMV in mixed infection in the tissues raised 
from central bud slices of infected cormels. However, virazole at 20 mg/1 was effective in 
the elimination of BYMV only (Fig. 5A). On the other hand, the 20 mg/1 of virazole was 
found to be ineffective for CMV as evident with the presence of ~24 kDa capsid proteins 
(Fig. 6A). Furthermore, the same representative samples were tested by NASH technique 
using cDNA probes specific to BYMV (pGlad-3) and CMV (pRDCM-20). NASH results 
were found similar to EIBA for both viruses (Figs. 5 B and 6 B). Finally the resuhs 
obtained for elimination of BYMV and CMV using virazole are summarized (Table. 2). 
Moreover, in the present investigation, a more sensitive detection technique, duplex RT-
PCR technique was also developed and tested for detection of low titre of viruses or viral 
RNA molecules in contrast to EIBA and NASH. In this technique, BYMV and CMV 
specific primers were used for screening the tissue culture-raised plants. 
The duplex RT-PCR of both viruses corresponded perfectly with the results of standard 
uniplex RT-PCR. The results of duplex RT-PCR clearly demonstrated that the 40 and 60 
mg/1 virazole concentrations were sufficient for BYMV and CMV elimination as compared 
to 20 mg/1 virazole, which was effective only for the BYMV. This concentration was not 
efficacious for CMV as evident by amplification of 657 bp amplicons (Fig. 7). However, 
absence of 730 bp amplicons in 20 mg/1 virazole-treated tissue was found appropriate for 
removal of BYMV (Fig. 7). Eventually, developed duplex RT-PCR proved to be a 
sensitive technique for simultaneous detection of BYMV and CMV for indexing the 
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propagating materials. Corms were developed from virus-free calli and stored at 4°C for 
preservation and eradication of dormancy. The plants were grown under insect-proof glass-
house and tested periodically to ensure freedom from viral infection. 
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Table. 1. Different Gladiolus cultivars showing the symptoms and ELISA based 
detection of BYMV and CMV 
[ No. Name of cultivars Symptoms Symptoms ELISA ELIS^ on leaves on spikes BVMV CMV 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
Data 
Symi 
Aide baran 
Chanson 
Classic 
Euro vision 
Fidelio 
First lady 
Friendship 
Green wood Parker 
Hallmark 
Huntingson 
Kajal 
Lavender puff 
Meena red 
My love 
Novalaxo 
Parade 
Popy tears 
Priscilla 
Red majesty 
Regency 
Snow 
Snow princess 
Superking 
Tambari 
Thaboliana 
Tiger flame 
Tropic sad 
Tropic sea 
Venetie 
Venetile 
White prosperity 
Yellow stone 
Zeus 
+ + 
+ 
+ + + 
+ 
+ 
+ + + 
+ 
+ 
+ 
+ + + 
+ 
+ + + 
+ + + 
-
+ 
+ + 
+ 
+ 
+ 
-
-
+ 
+ 
+ 
+ 
+ 
+ + 
+ 
+ 
+ 
+ + 
-
+ 
are based on 5 replicates of each sample. 
5toms on leaves and spikes: denotes, - sympi 
+ 
+ + + 
+ + + 
+ 
+ + 
+ + + 
+ 
+ 
+ + + 
+ + + 
+ 
+ + + 
+ + + 
-
+ + + 
+ + + 
+ + + 
+ 
+ + + 
-
+ 
+ 
+ + + 
+ 
+ + + 
+ + + 
+ 
+ + + 
-
+ 
-
+ + + 
tomless; + mild, 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
++ severe 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
and 
extreme severe symptoms. 
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Fig.l. NASH and PCR based detection of BYMV in Gladiolus cultivars. 
Serial number is in accordance with the cultivars listed in the table 1. 
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Fig.2. NASH and PCR based detection of CMV in Gladiolus cultivars. Serial 
number is in accordance with the cultivars listed in the table 1. 
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Fig.3A. Gladiolus explant culture showing nodular callus; 3B. Differentiated tissue of 
Gladiolus. 
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M C 1 2 3 M C 1 2 3 
330bp 
657bp 
Fig.4A and B. RT-PCR based detection of BYMV (UD341 and D341) and CMV 
(BRl and BR2), respectively, before virazole treatment trom each representative 
callus. M, marker ((I)X174DNA///ae III digested); C, control (Healthy 
Catharanthus); 1(20 mg/1); Lane 2 (40 mg/1); Lane 3 (60 mg/1) of virazole. 
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C 1 2 3 
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it ^ M 
Fig.SA and B. EIBA and NASH based detection of BYMV, C-control; Lane 1(20 mg/1); Lane 2 
(40 mg/1); Lane 3 (60 mg/1) of virazole. 
Fig.6A and B. EIBA and NASH based detection of CMV, C-control; Lane 1(20 mg/1); Lane 2 
(40 mg/1); Lane 3 (60 mg/1) of virazole. 
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Table.2. Effect of virazole on elimination of BYMV and CMV in callus cultures of 
Gladiolus. 
Ctmcentration 
(mg/ml) 
BYMV CMV 
20 
40 
60 
(-) absence; (+) presence 
Data are an average of 10 replicates. 
Fig.7. Duplex RT-PCR based detection of BYMV (PI and PII) and 
CMV (BRl and BR2). M, marker (OXI74DNA///ae III digested); 
C, control; 1(20 mg/1); Lane 2 (40 mg/1); Lane 3 (60 mg/1) of 
virazole. 
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5.4. Discussion 
Resistance to viral diseases has not always been an important breeding objective. 
Cultivation of ornamentals especially Gladiolus cultivars requires gross improvement. 
Development of cultivars resistant to BYMV and CMV could be attributed to the screening 
methods adopted in the breeding programmes and quarantine stations. Lack of appropriate 
virus detection techniques also made the analysis of resistance of Gladiolus cultivars 
against BYMV and CMV a difficult task. Differentiation of resistance to both viruses, 
BYMV and CMV has been a great concern to develop screening methods for the stable 
resistance. Because of complex viral diseases and host interaction, the method used to 
differentiate BYMV and CMV resistance was not conclusive. In the present investigation, 
in order to screen the Gladiolus cultivars, ELISA, NASH and RT-PCR diagnostic 
techniques were developed and standardized for detecting the natural infection of BYMV 
and CMV. In some Gladiolus cultivars, all techniques were used for detecting latent 
infection and the presence of BYMV and CMV could be detected in all varieties. However, 
intensity of either virus in the above cultivars could not be ascertained. Earlier workers 
(Nagel et al., 1983; Bellardi and Pisi, 1985; Katoch et al, 2002) also observed that all 
commercial cultivars were infected with BYMV and CMV. 
Comparison of results of varietals response with diagnostic techniques revealed that there 
is no direct correlation between the severity of symptoms and signal intensity. It may be 
concluded that symptoms severity is not directly correlated with BYMV and CMV 
accumulation, but could be attributed to the inherent genetic character of the host. It is also 
evident from diagnostic techniques that varieties without visible symptoms harboring 
BYMV and CMV indicate as latent carriers of viruses (Nagel et al, 1983; Selvarajan et al., 
1998). These findings are of applied value because the varieties remain infected, but 
asymptomatic (due to masking of symptoms). Such varieties may go imnoticed and they 
act as potential source of virus inoculums for disease spread under field conditions. 
Central bud slices of cormels were more regenerative than other somatic tissues. Since the 
central bud did not possess meristematic tissue which has an inkling in the induction and 
regeneration of corms (Kamo, 1994). In the present investigation, normal tissues of the 
bud produced organized tissue which later on differentiated and produced cormels. We 
consider in vivo grown cormels as an additional convenient explant source for tissue 
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culture work. They are easy to achieve and manipulate, are available from all cultivars and 
may be stored for a prolonged time. The study also confirmed the observation of Stefeniak 
(1994) that regeneration from friable callus was easier than compact callus. Preliminary 
observations indicated that the regeneration process from the callus occurred presumably 
via somatic embryogenesis (our lab unpublished data), as demonstrated by Stefeniak, 
(1994). BYMV and CMV were not detected in cormels derived from in vitro grown tissues 
treated with 40 and 60 mg/1 virazole supplemented MS medium. 
Explants from donor plants infected with both BYMV and CMV when cultured in the 
absence of virazole gave rise to infected adventitious shoots. After culturing these cultures 
on 20 mg/1 virazole supplemented medium, produced BYMV-free callus 
tissue/adventitious shoots while CMV-infected explant cultures with similar concentration 
of virazole produced only infected adventitious shoots. Virazole at 40 mg/1 was effective 
towards the production of virus-free (BYMV- and CMV-free) callus tissues/adventitious 
shoots. The similar observations were recorded by Cassells and Long, (1980) in tobacco 
explant cultures infected with CMV and PVY. Thus, the two viruses namely BYMV and 
CMV behaved differently in the elimination of pathogen through tissue cultures using 
virazole. BYMV was successfiiUy eliminated in the Gladiolus tissues treated with 3 
different concentrations of virazole (20, 40 and 60 mg/1). It is speculated that RNA-
containing viruses having divided genome (Bromovirus, Cucumovirus and Ilarvirus) are 
not readily inhibited by virazole (Learch, 1987). Other virazole concentrations (40 and 60 
mg/1) were found effective. However, virazole at 40 mg/1 and 60 mg/1 were efficacious for 
the elimination of both viruses. 
In conclusion, regenerable callus from central bud slices of cormels can be induced and 
maintained on MS medium supplemented with NAA as a growth regulator. Central bud 
slices of cormels are an additional source of non-meristematic plant tissue for regeneration 
of propagating material than corms. Being a wide spectrum antiviral chemical, virazole 
may be used in the micro-propagation of virus-free stock plants. This study has also 
demonstrated the feasibility of the detection of mixed infection by more than one virus 
simultaneously in a single sample by duplex RT-PCR. Production of virus-free Gladiolus 
propagules/corms would enhance the economy and export potential of the plant material. 
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The present investigation clearly elucidated the usefulness of diagnostic techniques for the 
specific detection of BYMV and CMV affecting Gladiolus cultivars and generation of 
virus free plants. As far as the sensitivity of the detection technique is concerned, both 
NASH and ELISA are equally sensitive (Rosner and Bar-Joseph, 1984; Hammond and 
Hammond, 1985). In comparison to ELISA, cDNA probes are more suitable and sensitive 
on account of the cross-reactivity of antibodies in potyviruses. However, the PCR method 
was used efficiently for the detection of plant viruses and is 10"* -10"^ times more sensitive 
than the commonly used ELISA and dot blot hybridization methods/techniques (Vunsh et 
al, 1990). These diagnostic techniques will be of practical importance in designing the 
strategies for resistance breeding, quarantine and nursery certification, and may also help 
in studying the inheritance of resistance in future generations of propagating plant material. 
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